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Store a collection of video content ifems in a memory, wherein
gach of tne video content items inciudes a corresponding encoded

video sfream and comresponding sige informafion stream
218

in response (o each of a pluraiity of confent requests for a given one of
the video content Hems from a respective piurality of remote user
gevices, assign an availaoie one of one or more video franscooer
devices o serve the respective user device, wherein the user devices
have respectively different conhigurations of vigeo processing capabiiity
(VL)
220

Ulilize each of the assigned video franscoder devices (0.

receive the encoded video stream and side informafion stream of
the given video content item,

transcode the encoded video stream using the side information
stream and according to the VPO configuration of the respective

user device, in order fo obiain a respective farget encoded video
sfream; and

fransmit the respective target encoded video siream o the
raspective user device through a communication medium
230

FIG. 2
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DISTRIBUTED ARCHITECTURE FOR
ENCODING AND DELIVERING VIDEO
CONTENT

PRIORITY DATA

This application claims benefit of priority to U.S. Provi-
sional Application Ser. No. 61/658,761, titled “Rate Control
for Video Compression”, filed Jun. 12, 2012, invented by
Michael W. Bruns, which 1s hereby incorporated by refer-
ence 1n its entirety as though fully and completely set forth
herein.

FIELD OF TH.

L1l

DISCLOSED EMBODIMENTS

The present mvention relates generally to video content
compression and distribution, and in particular, to a split

architecture for encoding video content and a rate control
mechanism to be used in the split architecture.

DESCRIPTION OF THE RELATED ART

The demand for video streaming services 1s ubiquitous
and increasing. Thus, there 1s an ever-increasing need for
methods capable of compressing video content and efli-
ciently delivering the video content to user devices through
wired and/or wireless networks.

For example, there 1s a great demand for the delivery of
streaming video service to user devices (e.g., mobile
devices) 1n a wireless network. However, the air interface
between the base station (of the wireless network) and the
mobile device 1s vulnerable to radio interference, and the
quality of RF propagation changes dynamically due to the
movement of objects 1n the environment, the movement of
the mobile device, radio traflic loading and congestion, etc.,
thus creating varying channel conditions between the bas-
estation and the mobile device. Furthermore, the data 1n a
wireless network 1s transmitted through RF spectrum, which
1s limited and expensive. Thus, when the channel condition
1s poor and when the screen size of the mobile device 1s less
than an HD TV, there 1s no reason to transmit at a one-size-
fits-all bit stream at full resolution and high bit rate when
most of the bits will likely be dropped or discarded at the
mobile device. There exists a need for a mechamsm to
deliver streaming video to mobile devices 1n a manner that
adapts to the bandwidth-limited nature of the RF channel
and the variability of the channel conditions.

As another example, there exists a need for easing the
burdens experienced by media providers and content deliv-
ery networks 1n delivering video content to end users. A
content delivery network (CDN) may maintain servers that
cache video content titles and deliver the content titles to
users upon demand. However, the user devices generally
have a wide array of different configurations of video
processing capability, e.g., diflerent requirements on picture
resolution and video format. Furthermore, the target bit rate
for a given user device may change dynamically as channel
conditions change. Thus, the CDN has to maintain (or be
able to access) a large array of copies of a given content title,
1.€., one copy for each possible combination of user device
configuration and target bit rate. Consequently, the cost of
memory storage becomes a problem for CDN operators.
Furthermore, when a user device requests a given content
title, and the copy appropriate for the requested configura-
tion and bit rate 1s not present in the server’s cache, the copy
must be downloaded from a central repository (e.g., from a
media provider such as Netflix or Amazon). Because the
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number of combinations of content title, user device con-
figuration and bit rate 1s so large, cache misses occur

frequently, and thus, require frequent downloads from the
central repositories, e.g., from server farms. Thus, the cost of
the download tratlic becomes a problem for CDN operators
and/or media providers. Therefore, there exists a need for
mechanisms capable of delivering video content to users in
a cost eflicient manner.

Video content 1s delivered to each user in the form of a
compressed bit stream. A video encoder 1s used to compress
the source video stream defining the video content. The
video encoder typically needs to apply rate control due to the
dynamic complexity of the source video sequence. In other
words, the video encoder needs to dynamically control the
compression process in order to control the output bit rate of
the compressed bit stream. Furthermore, in the context of
streaming video services, the rate control needs to be adapt-
able, to support a target bit rate that changes according to
dynamic network conditions between the encoder and the
remote decoder. Theretfore, there exists a need for video
encoders and/or transcoders capable of performing rate
control 1n a computationally eflicient manner.

SUMMARY

The systems, methods and architectures disclosed herein
may be used 1n a wide variety of contexts and applications.

In one of the disclosed embodiments, network edge
transcoders may be used to encode and stream data to user
devices (e.g., mobile devices) 1n a wireless network. The
network edge transcoder may be situated at or near (e.g.,
coupled to) the base station, and may be configured to
transcode a first encoded video stream of high quality and/or
high definition to a second encoded video stream that 1s
customized (e.g., 1 terms of one or more factors such as
picture size, video format and bitrate) for a mobile device
that 1s being currently served. Furthermore, the network
edge transcoder may be configured to dynamically control
the bitrate of the second encoded video stream 1n response
to changes in the condition of the transmission channel,
changes 1n received video quality, and/or configuration
changes of the mobile device. These abilities to customize
and dynamically control are of great economic benefit 1n the
context of a wireless network. A network architecture that
employs such network edge transcoders to customize the
user bit streams at “the edge of the network™ avoids bur-
dening the server farm 1n the cloud. The mobile device may
periodically send back information (analytics) to the base
station so that the network edge transcoder can accordingly
optimize the bit stream 1n real time, to achieve the most
optimal use of the limited RF spectrum.

In some embodiments, there may be two kinds of analyt-
ics that are returned to the base station: radio analytics and
video analytics. The radio analytics and video analytics may
be used, e.g., for ellective rate control by the edge transcoder
and/or the basestation. Radio analytics may include receive
signal strength, power and quality of the reference signal at
the mobile device. Radio analytics may be used to determine
the optimal bit rate for reliable transmission to a user device
under a given channel condition. (The basestation may
embed the reference signal 1n 1ts transmissions to the mobile
device, to facilitate such measurements.) Video analytics
may include the state of buller fullness or the rate of detected
errors from the bit stream decoding process. The video
analytics may be used to determine the optimal (often the
minimum) bit rate required to deliver the maximum user
experience within the constraints imposed by the channel
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condition. The design constraints for the analytics may
include minimization of the processing performed by the
mobile device to generate the analytics, and minimization of
data size of the analytics, to conserve signaling bandwidth
between basestation (BS) and mobile device.

In addition to saving wireless bandwidth, it 1s also desired
to reduce the amount of data needed to be sent from the
server farm (holding all the video content) to the edge of the
network. By moving the transcoding function to the network
edge and using a video encoder at the server farm to generate
encoded versions of content titles, 1t reduces the amount of
data traflic through the internet and the storage requirement
of the cloud servers regardless of whether the communica-
tion medium used to deliver data to the user device 1s wired
or wireless.

As noted above, the network edge transcoder encodes an
encoded video stream and customizes that stream for the
particular configuration of the given user device. The
encoded video stream 1s generated from a source video
stream by a video encoder. The video encoder may also
generate side imformation that eases the burden on the
network edge transcoder in its action of transcoding the
encoded video stream for the user device. The side infor-
mation may be transmitted (or made available) to the
network edge transcoder along with the encoded wvideo
stream.

In one of the disclosed embodiments, the video encoder
may include digital circuitry and transmission circuitry.

The digital circuitry may be configured to perform, for
cach block of the input video stream, operations including:
(a) receiving a plurality of prediction residuals correspond-
ing respectively to a plurality of coding modes; (b) trans-
forming the prediction residuals to obtain respective trans-
form blocks for the respective coding modes; and (¢) for
each coding mode M,, quantizing the transform block for the
coding mode M, using each of one or more values of a
quantization step size q to obtain one or more quantized
versions of the transform block, and processing a collection
of data including the one or more quantized versions of the
transform block to obtain primary rate modeling data that
characterizes a rate estimation function R, (q) for the coding
mode M,.

The transmission circuitry may be configured to transmit
a side information stream onto a communication medium,
wherein the side information stream includes the primary
modeling data for each coding mode and for each block.

In another one of the disclosed embodiments, a video
transcoding system may include a decoder, a scaling unit and
an output encoder.

The decoder may be configured to receirve and decode a
first encoded video stream to obtain a decoded video stream.

The scaling umit may be configured to scale the decoded
video stream to a target picture resolution 1n order to obtain
a scaled video stream.

The output encoder may be configured to receive a side
information stream associated with the first encoded video
stream, and encode the scaled video stream using the side
information stream in order to obtain a second encoded
video stream.

The first encoded video stream may be interpreted as an
encoded version of a source video stream. The side infor-
mation stream may include metadata that characterizes
properties ol the source video stream. For example, the side
information stream may include information characterizing
rate and/or distortion properties of blocks in the source video
stream. As another example, the side information may
include motion vectors for blocks 1n the source video stream.
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The side information stream may be used by the output
encoder to make optimal (or near optimal) coding decisions
in a computationally eflicient manner, ¢.g., decisions on
which coding mode to use for a given block, or what value
ol quantization step size to use for a given block, or which
one or more motion vectors are likely to give optimal inter

predictions for a given block, eftc.

In some embodiments, the side information stream
includes N rate information streams corresponding to N
respective coding modes, wherein N 1s greater than or equal
to one, wherein each rate information stream RIS, of the N
rate information streams characterizes a corresponding rate
estimation function R,(q) per block of the first encoded
video stream assuming block prediction based on the respec-
tive coding mode, wherein g 1s a quantization step size.

In yet another one of the disclosed embodiments, a system
may include a cache, a plurality of video transcoder devices,
and a controller.

-

The cache stores a collection of video content items
including a first video content item, wherein each of the
video content 1tems includes a corresponding encoded video

stream and corresponding side information stream, wherein
the side information stream of each video content item
includes one or more rate information streams correspond-
ing to one or more respective coding modes, wherein each
rate information stream RIS, of the one or more rate infor-
mation streams characterizes a corresponding rate estima-
tion function R, (q) per block of the corresponding encoded
video stream, assuming block prediction based on the
respective coding mode, wherein g 1s a quantization step
S1Z€.

In response to each of a plurality of content requests for
the first video content i1tem from a respective plurality of
user devices, the controller may be configured to assign an
available one of the video transcoder devices to serve the
respective user device, wherein the user devices have
respectively different configurations of video processing
capability (VPC).

Each assigned video transcoder device may be configured
to: (a) recerve the encoded video stream and side informa-
tion stream of the first content item from the cache; (b)
transcode the encoded video stream using the side informa-
tion stream and according to the VPC configuration of the
respective user device, 1n order to obtain a respective target
encoded video stream; and (¢) transmit the respective target
encoded video stream to the respective user device through
a communication medium.

These and other features and advantages will become
apparent to those of ordmary skill 1in the art in view of the
following detailed descriptions of the approaches presented
herein.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the present invention can be
obtained when the following detailed description 1s consid-
ered 1n conjunction with the following diagrams, 1n which:

FIG. 1 1illustrates one embodiment of a system 100 for
delivering video content to user devices.

FIG. 2 1llustrates one embodiment of a method 200 for
delivering video content to user devices.

FIG. 3 illustrates an embodiment of a system 300 for
delivering video content to user devices.

FIG. 4 illustrates one embodiment of a method for deliv-
ering content to clients using a network edge transcoder

device 415.
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FI1G. 5 1llustrates one embodiment of an architecture 500
for delivering video content to user devices, involving a
mezzanine encoder 510 and a network edge transcoder 520.

FIG. 6 illustrates another embodiment of the architecture
500, where mezzamne encoder 310 generates a side infor-
mation stream as well as a mezzanine bitstream. The net-
work edge transcoder 520 uses the side information stream
in 1ts encoding processes.

FI1G. 7 1llustrates one embodiment of a video encoder 700.

FIG. 7B illustrates an example of the process of gener-
ating a rate estimation function.

FIG. 7C illustrates a method 750 for computing param-
eters to be used 1n determining a rate estimation function.

FIG. 7D 1illustrates an example of the process of gener-
ating a distortion estimation function.

FIG. 8 1llustrates an embodiment of a video encoder 700
that generates primary distortion modeling data as well as
primary rate modeling data.

FIG. 9 1llustrates an embodiment of a video encoder 900
that generates rate modeling data 915.

FIG. 10 1llustrates one embodiment of a video transcoder

system 1000.

FIG. 11 1llustrates one embodiment of a method 1100 for
computing a rate vs. A function at the level of a picture.

FIG. 12 illustrates the second half of an integrated
encoder or network edge transcoder, according to one set of
embodiments.

FIG. 13 illustrates one embodiment of the first half of a
video encoder.

FI1G. 14 1llustrates an example of a cost function J=AR+D
as a function quantization step size.

FIG. 15 illustrates an example of distortion as a function
of rate.

FIG. 16A 1llustrates an embodiment of a bufler model
update process based on actual picture size.

FIG. 16B 1illustrates an embodiment of a bufler model
update process based on actual and provisional picture sizes.

FIG. 17 illustrates the first hallf of a network edge
transcoder according to one embodiment.

While the invention 1s susceptible to various modifica-
tions and alternative forms, specific embodiments thereof
are shown by way of example 1n the drawings and are herein
described 1n detail. It should be understood, however, that
the drawings and detailed description thereto are not
intended to limit the mvention to the particular form dis-
closed, but on the contrary, the intention 1s to cover all
modifications, equivalents and alternatives falling within the
spirit and scope of the present invention as defined by the
appended claims.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

Incorporations by Reference

The following references are hereby incorporated by
reference 1n their entirety as though fully and completely set
forth herein:

U.S. Provisional Application Ser. No. 61/658,761, titled
“Rate Control for Video Compression”, filed Jun 12,
2012.

U.S. Pat. No. 7,415,594 titled “Processing System With
Interspersed Stall Propagating Processors and Communi-

cation Elements,” 1ssued Aug. 19, 2008.
U.S. Pat. No. 8,151,305 titled “Mobile Television Broadcast

System,” 1ssued Apr. 3, 2012.
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TERMINOLOGY

The following 1s a glossary of terms used in the present
application:

Memory Medium—Any of various types of memory
devices or storage devices. The term “memory medium”™ 1s
intended to include an installation medium, e.g., a CD-
ROM, tloppy disks 104, or tape device; a computer system
memory or random access memory such as DRAM, DDR
RAM, SRAM, EDO RAM, Rambus RAM, etc.; a non-
volatile memory such as a Flash, magnetic media, e.g., a
hard drive, or optical storage; registers, or other similar
types of memory elements, etc. The memory medium may
comprise other types of memory as well or combinations
thereof. In addition, the memory medium may be located in
a first computer 1n which the programs are executed, or may
be located 1n a second different computer which connects to
the first computer over a network, such as the Internet. In the
latter instance, the second computer may provide program
instructions to the first computer for execution. The term
“memory medium” may include two or more memory
mediums which may reside i different locations, e.g., in
different computers that are connected over a network.

Programmable Hardware Element—includes various
hardware devices comprising multiple programmable func-
tion blocks connected via a programmable interconnect.
Examples include FPGAs (Field Programmable Gate
Arrays), PLDs (Programmable Logic Devices), FPOAs
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(Field Programmable Object Arrays), and CPLDs (Complex
PLDs). The programmable tunction blocks may range from
fine grained (combinatorial logic or look up tables) to coarse
grained (artthmetic logic units or processor cores). A pro-
grammable hardware element may also be referred to as
“reconfigurable logic”.

Software Program—the term “software program™ 1is
intended to have the full breadth of its ordinary meaning,
and includes any type of program instructions, code, script
and/or data, or combinations thereof, that may be stored 1n
a memory medium and executed by a processor. Exemplary
software programs include programs written 1n text-based
programming languages, such as C, C++, PASCAL, FOR-
TRAN, COBOL, JAVA, assembly language, etc.; graphical
programs (programs written in graphical programming lan-
guages); assembly language programs; programs that have
been compiled to machine language; scripts; and other types
ol executable software. A software program may comprise
two or more software programs that interoperate i some
manner. Note that various embodiments described herein
may be implemented by a computer or software program. A
soltware program may be stored as program instructions on
a memory medium.

Hardware Configuration Program—a program, e€.g., a
netlist or bit file, that can be used to program or configure a
programmable hardware element.

Program—the term “program’” 1s intended to have the full
breadth of 1ts ordinary meaning. The term “program”
includes 1) a software program which may be stored 1n a
memory and 1s executable by a processor or 2) a hardware
configuration program useable for configuring a program-
mable hardware element.

Computer System—any ol various types ol computing or
processing systems, mncluding a personal computer system
(PC), mainirame computer system, workstation, network
appliance, Internet appliance, personal digital assistant
(PDA), television system, grid computing system, or other
device or combinations of devices. In general, the term
“computer system” can be broadly defined to encompass any
device (or combination of devices) having at least one
processor that executes instructions from a memory
medium.

Automatically—refers to an action or operation per-
formed by a computer system (e.g., software executed by the
computer system) or device (e.g., circuitry, programmable
hardware elements, ASICs, etc.), without user iput directly
specilying or performing the action or operation. Thus the
term “‘automatically” 1s in contrast to an operation being
manually performed or specified by the user, where the user
provides mput to directly perform the operation. An auto-
matic procedure may be initiated by mput provided by the
user, but the subsequent actions that are performed “auto-
matically” are not specified by the user, 1.e., are not per-
formed “manually”, where the user specifies each action to
perform. For example, a user filling out an electronic form
by selecting each field and providing input specilying infor-
mation (e.g., by typing mformation, selecting check boxes,
radio selections, etc.) 1s filling out the form manually, even
though the computer system must update the form in
response to the user actions. The form may be automatically
filled out by the computer system where the computer
system (e.g., soltware executing on the computer system)
analyzes the fields of the form and fills in the form without
any user input specitying the answers to the fields. As
indicated above, the user may invoke the automatic filling of
the form, but 1s not mnvolved in the actual filling of the form
(e.g., the user 1s not manually specitying answers to fields
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but rather they are being automatically completed). The
present specification provides various examples ol opera-
tions being automatically performed 1n response to actions
the user has taken.

Block: a coding unit of a picture. For example, in AVC/
H.264, block may be understood as macroblock. As another
example, in HEVC/H.265, block may be understood as a
Coding Tree Unit (CTU).

Rate: the number of bits associated with a block or picture
in the final bitstream of the picture.

Distortion: may be understood as the sum of square error
(SSE) between the reconstructed 1mage block (after DCT,
quant, mverse quant, mverse DCT) and source image block.
Other distortion measures than SSE may be used as well.

Residual block: the difference block between a predicted
block and source 1mage block.

In the following description, numerous specific details are
set forth to provide a thorough understanding of the methods
and mechanisms presented herein. However, one having
ordinary skill 1n the art should recognize that the various
embodiments may be practiced without these specific
details. In some 1nstances, well-known structures, compo-
nents, signals, and techmques have not been shown 1n detail
to avoid obscuring the approaches described herein. It waill
be appreciated that for simplicity and clarity of illustration,
clements shown in the figures have not necessarily been
drawn to scale. For example, the dimensions of some of the
clements may be exaggerated relative to other elements.

System 100

In one set of embodiments, a system 100 may be config-
ured as shown 1n FIG. 1. The system 100 may be used 1n a
wide variety of contexts and applications. In one application,
the system 100 may be used as part of a content delivery
network (CDN). The system 100 may include a memory
110, a collection 120 of one or more video transcoder
devices VID,, VID,, ..., VID,,, and a controller 130. N,
denotes the number of the one or more video transcoder
devices. (The system 100 may also include any subset of the
features, elements and embodiments described above and
below 1n connection with FIGS. 2-17.) The one or more
video transcoder devices may be configured as variously
described below.

In some embodiments, the memory, the one or more video
transcoder devices and the controller may be geographically
distributed. For example, in one embodiment, the memory
may be situated at one geographical location while the one
or more video transcoder devices are at another geographical
location. In this embodiment, the controller may be situated
at the same location as the one or more video transcoder
devices, or alternatively, situated at the same location as the
memory, or, as another alternative, split between the two
locations, or, as yet another alternative, situated at a third
geographical location.

In some embodiments, the memory, the one or more video
transcoder devices and the controller are geographically
co-located. For example, those elements may be configured
in the same box or chassis or electronics rack, or, as part of
the same server farm, or, as part of the same electronics
board, or as part of the same integrated circuit.

In some embodiments, the one or more video transcoder
devices and/or the controller may be situated at or near (e.g.,
coupled to, or incorporated as part of) a basestation of a
wireless network. Each video transcoder device may gen-
erate a customized user bitstream for a respective one of the
user devices 1n the neighborhood (e.g., cell) of the basesta-
tion. The basestation may multiplex the customized user
bitstreams into a transmit signal, e.g., using any of a wide
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variety ol conventional multiplexing techniques, and trans-
mit the transmit signal 1into space. Each user device may
receive the transmit signal and recover the appropriate one
ol the customized user bitstreams from the recerved transmut
signal.

In some embodiments, a CDN operator may employ a
plurality of copies of the system 100, which are distributed
to cover a geographical area or region of service.

The memory 110 may store a collection of video content
items. Each of the video content items may include a
corresponding encoded video stream and corresponding side
information stream. In some embodiments, the memory 110
may include persistent or nonvolatile memory storage such
as hard disk drives or flash memory, and/or, transient
memory storage such as SRAM, DRAM, etc. In some
embodiments, memory 110 may function as a cache for
video content.

In this section, we will highlight how the system 100
responds when a plurality of user devices requests the same
video content item. However, 1t should be understood that 1n
the more general context, user devices may request arbitrary
or random ones of the content 1tems. Popular ones of the
content 1items may have more requests per unit time than less
popular content 1tems. Thus, 1t 1s possible that multiple user
devices may request the same content 1tem.

In response to each of a plurality of content requests for
a given video content 1item from a respective plurality of user
devices UD,, UD,, . .., UD,, , the controller 130 may be
configured to assign an available one of the one or more
video transcoder devices to serve the respective user device.
The user devices may have respectively different configu-
rations of video processing capability (VPC). Each assigned
video transcoder device may be configured to: (1) receive
the encoded video stream and side information stream of the
grven content item, e.g., from the memory; (2) transcode the
encoded video stream using the side information stream and
according to the VPC configuration of the respective user
device, 1n order to obtain a respective target encoded video
stream; and (3) transmit the respective target encoded video
stream to the respective user device through a communica-
tion medium 140 (such as a wireless transmission medium,
or a wireless network, or a wired network, or a combination
of wired and wireless networks, or the Internet). In particu-
lar, note that the system 100 1s able to serve the multiple
differently-configured user devices from a single cached
copy of the video content item. The one or more video
transcoder devices handle the customization of the target
encoded video streams for the respective user devices. Thus,
it 1s not necessary to cache multiple copies of the video
content 1tem at different combinations of target picture
resolution, target bit rate and target video format 1n order to
support the user devices. This allows a much larger number
of video content items to be stored in the cache 110, and
significantly decreases the probability of cache misses. (A
cache miss 1s said to occur when a user device requests a
video content item that 1s not present in the memory 110.)

When a cache miss occurs for a given requested content
item, the system 100 may need to download the content 1tem
from a central content repository (or media source). The
channel between the central content repository and the
system 100 may be owned by entities other than the CDN
operator. (For example, the channel may be the Internet.)
Thus, there may be costs associated with downloading
content over the channel. The decrease 1n cache miss prob-
ability implies a decrease 1n the download traflic from the
central repositories, and thus, a decrease 1n costs.

10

15

20

25

30

35

40

45

50

55

60

65

10

In some embodiments, the encoded video stream of the
grven content item may be interpreted as an encoded version
of a given source video stream. The side information stream
may include metadata that characterizes properties of the
given source video stream. For example, the metadata may
include one or more candidate motion vectors per block of
the encoded video stream. As another example, the metadata
may include rate modeling data per block of the encoded
video stream. As yet another embodiment, the metadata may
include distortion modeling data per block of the encoded
video stream of the given content 1tem.

In some embodiments, the communication medium 140
may be a wireless transmission medium or the air interface
of a wireless network. In one embodiment, at least one of the
one or more video transcoder devices 1s coupled to or
incorporated as part of a base station (or access point) of a
wireless communication network. One or more (or all) of the
user devices may be configured for wireless communication
with the base station. The user devices may receive their
respective target encoded video streams via wireless trans-
missions from the base station. Some or all of the user
devices may be mobile devices.

The controller 130 may be configured to assign a given

one of the one or more video transcoder devices to different
ones of the user devices at different times. For example,
when a video transcoder device finishes serving a first user
device, 1t may become available for serving a second user
device. Thus, even 1 embodiments of system 100 that
include only one video transcoder device, the benefit of
serving multiple differently-configured user devices from a
single stored copy of a content 1tem 1s realized.
In some embodiments, the system 100 may also include a
source encoder. The source encoder may be configured to
encode source video streams to generate respective ones of
the content 1tems. Each of the one or more video transcoder
devices may be more power eflicient than the source
encoder, and/or, more space eilicient than the source
encoder. In some embodiments, a content item 1s not nec-
essarily stored 1n memory 110 prior to delivery to a user
device. For example, a content item may be delivered 1n
connection with a live event. Thus, a video content 1tem may
be streamed from the source encoder to an assigned one of
the wvideo transcoder devices, and then immediately
transcoded and transmitted to the user device.

In some embodiments, the side information stream of
cach video content item may include one or more rate
information streams corresponding to one or more respec-
tive coding modes. (The one or more coding modes may
include one or more inter modes, and/or, one or more 1ntra
modes.) Each rate information stream RIS; of the one or
more rate information streams may characterize a corre-
sponding rate estimation function R, (q) per block of the
corresponding encoded video stream, assuming block pre-
diction based on the respective coding mode. The variable g
1S a quantization step size.

In some embodiments, the side information stream of
cach video content item may include one or more distortion
information streams corresponding to one or more respec-
tive coding modes. Each distortion information stream DIS,
of the one or more distortion information streams may
characterize a corresponding distortion function D,(q) per
block of the encoded video stream of the video content 1item,
assuming block prediction based on the respective coding
mode.

In some embodiments, a given one (or each) of the video
transcoder devices may be configured to perform the action
of transcoding the encoded video stream by: decoding the
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encoded video stream to obtain a decoded video stream;
scaling the decoded video stream to a target picture resolu-
tion of the respective user device, 1n order to obtain a scaled
video stream; and encoding the scaled video stream using
the side information and according to the VPC configuration
ol the respective user device, in order to obtain the respec-
tive target encoded video stream.

In some embodiments, the given video transcoder device
may be configured to: perform said encoding of the scaled
video stream by minimizing a Lagrangian rate-distortion
function parameterized by a scalar value A; and dynamically
adjust the scalar value A and an output bit rate of the
respective target encoded video stream using the side infor-
mation 1n order to prevent overflow and underflow of a
coded picture buller that receives the respective target
encoded video stream at the respective user device.

In some embodiments, the given video transcoder device
may be configured to: compute an error between an esti-
mated occupancy of the coded picture builer and a theoreti-
cal occupancy of the coded picture buller 1f the respective
target encoded video stream were maintained at a target bit
rate; and perform said dynamic adjustment of the scalar
value A 1n order to decrease the magnitude of the error.

In some embodiments, the controller 130 may be config-
ured to: receive messages or reports (e.g., analytics) from the
user device being served by the given video transcoder
device, where each of the reports includes analytical infor-
mation from the user device; and 1n response to each of the
reports, update a target bit rate and/or the target picture
resolution used by the given video transcoder device to
encode the scaled video stream.

In some embodiments, the analytical information may
include information about quality of a link between the
given video transcoder device and the user device. For
example, link quality information may include one or more
of the following: bit and/or packet error rates, throughput,
received signal strength, and communication latency. The
controller 130 may be configured to decrease or increase the
target bit rate and/or the target picture resolution used by the
given video transcoder device when the information about
link quality indicates that the link quality has decreased or
increased, respectively.

In some embodiments, the analytical information includes
information about the quality of video recovered (by the user
device) from the target encoded video stream transmitted by
the video transcoder device. (Examples of video quality
information might include dropped frame indications.) The
controller may be configured to decrease or increase the
target bit rate and/or the target picture resolution used by the
given video transcoder device when the information about
video quality indicates that the video quality has decreased
or increased, respectively. In one embodiment, the reports on
video quality may be made in parallel with the report on link
quality.

In some embodiments, the controller may be configured
to: receive reports from the user device being served by the
given video transcoder device, where each of the reports
includes a corresponding update to the VPC configuration of
the user device; and in response to each of the reports,
update the target picture resolution used by the first video
transcoder device to encode the scaled video stream. (For
example, the VPC configuration update may include a
current target picture resolution that 1s acceptable to the user
device.)

In some embodiments, the VPC configuration of each user
device may include an identification of one or more of: a
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video coding format requested by the user device; and a
target picture resolution requested by the user device.

In some embodiments, the VPC configurations of the
respective user devices may span an M-dimensional con-
figuration space, where M 1s at least two. The M-dimen-
sional configuration space may have at least a first dimen-
s10n corresponding to a choice of video format and a second
dimension corresponding to a selection of picture resolution
for the target encoded video stream to be received by the
user device.

In some embodiments, the controller 130 may also be
configured to: store (e.g., in the memory 110) the target
encoded video stream generated by a given one of the one
or more video transcoder devices that has been assigned to
serve a first of the user devices; and direct a transmission of
the stored target encoded video stream to a second user
device 1n response to detecting that the second user device
has a same or similar VPC configuration as the first user
device. IT a first user device requests the given video content
item, there may be a substantial probability that a second
identically configured (or similarly configured) user device
will request the given video content 1tem in the near future.
Thus, the caching of the target encoded wvideo streams
generated by the video encoder devices may increase system
elliciency.

In one set of embodiments, a method 200 for delivering
video content to user devices may involve the operations
shown 1n FIG. 2. (The method 200 may also include any
subset of the features, elements and embodiments described
above and below 1n connection with FIGS. 1 and 3-17.)

At 210, a collection of video content items may be stored
in a memory. Each of the video content items may include
a corresponding encoded video stream and corresponding
side information stream.

At 220, in response to each of a plurality of content
requests for a given one of the video content items from a
respective plurality of remote user devices, an available one
of one or more video transcoder devices may be assigned to
serve the respective user device. The user devices may have
respectively different configurations of video processing
capability (VPC).

At 230, the method 200 may utilize each of the assigned
video transcoder devices to: (a) recerve the encoded video
stream and side information stream of the given video
content item, e.g., from the memory; (b) transcode the
encoded video stream using the side information stream and
according to the VPC configuration of the respective user
device, 1 order to obtain a respective target encoded video
stream; and (c) transmit the respective target encoded video
stream to the respective user device through a communica-
tion medium (such as a wireless transmission medium, a
wireless network, or a wired network, or as variously
described above).

In some embodiments, the encoded video stream of the
given video content item may be interpreted as an encoded
version of a given source video stream. The side information
stream may include metadata that characterizes properties of
the given source video stream. In one embodiment, the
metadata may include one or more candidate motion vectors
per block of the encoded video stream. In another embodi-
ment, the metadata may include rate modeling data per block
of the encoded video stream of the given video content item.
In yet another, the metadata includes distortion modeling
data per block of the encoded video stream of the given
video content item. Of course, embodiments are contem-
plated whereby any combination of the foregoing types of
metadata are combined.
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In some embodiments, the side information stream of
cach video content item may include one or more rate
information streams corresponding to one or more respec-
tive coding modes. Each rate information stream RIS, of the
one or more rate information streams may characterize a
corresponding rate estimation function R,.(q) per block of
the corresponding encoded video stream, assuming block
prediction based on the respective coding mode, where ( 1s
a quantization step size.

In some embodiments, the side information stream of
cach video content 1tem may include one or more distortion
information streams corresponding to one or more respec-
tive coding modes. Fach distortion information stream DIS,
of the one or more distortion nformation streams may
characterize a corresponding distortion function D,(q) per
block of the encoded video stream of the given video content
item, assuming block prediction based on the respective
coding mode, wherein g 1s a quantization step size.

In some embodiments, the method 200 may also include
encoding source video streams to generate respective ones
ol the content items. The action of encoding the source video
stream may be performed by a source encoder (e.g., by the
mezzanine encoder 510, the video encoder 700 or the video
encoder 900, described further below). Each of the video
transcoder devices may be more power eflicient than the
source encoder, and/or, more space eflicient than the source
encoder.

In some embodiments, the method 200 may also include:
(a) rece1ving reports from the user device being served by a
given one of the one or more video transcoder devices,
wherein each of the reports includes analytical information
from the user device; and (b) in response to each of the
reports, updating a target bit rate and/or the target picture
resolution used by the given video transcoder device to
perform said transcoding of the encoded video stream.

In some embodiments, the analytical information includes
information about quality of a link between the given video
transcoder device and the user device.

In some embodiments, the method 200 may also include
decreasing or increasing the target bit rate and/or the target
picture resolution used by the given video transcoder device
when the information about link quality indicates that the
link quality has decreased or increased, respectively.

In some embodiments, the analytical information includes
information about the quality of video recovered (by the user
device) from the respective target encoded video stream
transmitted by the given video transcoder device.

In some embodiments, the method 200 may also include
decreasing or increasing the target bit rate and/or the target
picture resolution used by the given video transcoder device
when the information about video quality indicates that the
video quality has decreased or increased, respectively.

In some embodiments, the method 200 may also include:
receiving reports from the user device being served by the
given video transcoder device, wherein each of the reports
includes a corresponding update to the VPC configuration of
the user device (e.g., an update indicating a current target
picture resolution that 1s acceptable to the user device); and
in response to each of the reports, updating the target picture
resolution used by the given video transcoder device to
encode the scaled video stream.

In some embodiments, the VPC configuration of each user
device may include an identification of a video coding
format requested by the user device. In these embodiments,
the action of transcoding the encoded video stream may be
performed so that the respective target encoded video stream
conforms to the requested video coding format.
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In some embodiments, the VPC configuration of each user
device may include an idenftification of a target picture
resolution requested by the user device. In these embodi-
ments, the action of transcoding the encoded video stream
may be performed so that the respective target encoded
video stream has the requested target picture resolution.

In some embodiments, the VPC configuration of each user
device may include an identification of a target bit rate
requested by the user device. In these embodiments, the
action of transcoding the encoded video stream may be
performed so that the respective target encoded video stream
has an average output bit rate approximately equal to the
target bit rate.

In some embodiments, the method 200 may also 1include:
(a) storing (e.g., in the memory) the target encoded video
stream generated by a given one of the one or more video
transcoder devices that has been assigned to serve a first of
the user devices; and (b) directing a transmission of the
stored target encoded video stream to a second user device
in response to detecting that the second user device has a
same or similar VPC configuration as the first user device.

Content Delivery Network Using Split Encoder Architec-
ture

In one set of embodiments, a content delivery network
300 may be configured as shown in FIG. 3. The content
delivery network 300 may include a memory 310, a plurality
of video transcoder devices VID,, VID,, . . ., VID,,,
(collectively referred to with the label 320), and a controller
330. (The content delivery network may also include any
subset of the features, elements and embodiments described
above and below 1n connection with FIGS. 1-2 and 4-17.)

The memory 310 may store a plurality of video content
items. Each of the video content items may include a
corresponding encoded video stream and corresponding side
information stream. The memory 310 may couple to the
video transcoder devices through a communication medium
915 (e.g., a private network controlled by the CDN operator,
the Internet, or a wireless network.)

For each of a plurality of remote user devices UD,,
ubD,, ..., UD,,, the controller 330 may be configured to
receive a request (e.g., via the communication medium 340)
for a respective selected one of the content items from the
remote user device, and direct the transfer of the respective
selected content 1tem to an available one of the video
transcoder devices. Diflerent user devices may select differ-
ent ones or random ones of the content items.

Each video transcoder device VID,, k=1, 2, ..., N _, may
be configured to: receive the encoded video stream and side
information stream of a respective one of the content items;
transcode the encoded video stream at a respective target
picture resolution using the side information stream, in order
to obtain a respective target encoded video stream; and
transmit the respective target encoded video stream to a
respective one ol the remote user devices through the
communication medium 340 (e.g., a wireless transmission
medium, or a wireless network, or a wired network).

In some embodiments, the side information stream of
cach video content item may include N rate information
streams corresponding to N respective coding modes, where
N 1s greater than or equal to one. Each rate information
stream RIS, of the N rate information streams may charac-
terize a corresponding rate estimation function R, (q) per
block of the encoded video stream of the video content 1item,
assuming block prediction based on the respective coding
mode. The variable g 1s a quantization step size.

In some embodiments, the content delivery network 300
may also mclude a source encoder 325 configured to encode
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source video streams to generate respective ones of the
content items. The source encoder 325 may be configured as
described below 1n connection with the mezzanine encoder
510 or the video encoder 300 or video encoder 900. Each of
the video transcoder devices may be configured to consume
less power than the source encoder, and occupy less space
than the source encoder. These constraints may be achieved
in part because the provision of the side imnformation stream
as mput to a video transcoder device along with the encoded
video stream allows the video transcoder device to omit
circuitry and/or program instructions for its own computa-
tion of the side information.

In some embodiments, each video transcoder device may
be configured to perform the action of transcoding by:
decoding the encoded video stream to obtain a respective
decoded video stream; and encoding the respective decoded
video stream at the respective target picture resolution using
the side information stream, 1n order to obtain the respective
target encoded video stream.

In some embodiments, each video transcoder device may
be configured to: encode the respective decoded wvideo
stream based on Lagrange optimization using a respective
rate distortion function parameterized by scalar value A; and
dynamically adjust the scalar value A based on the side
information stream of the respective selected content 1tem 1n
order to prevent overflow or undertlow of a coded picture
bufler of a decoder at the respective remote user device.
In some embodiments, the encoded video stream of each
video content 1tem may be interpreted an encoded version of
a respective source video stream. The side information
stream of each video content item may include metadata that
characterizes properties of the respective source video
stream.

In some embodiments, the controller may be configured
to communicate with a processing node (such as an authen-
tication server) that provides user authentication, e.g., based
on 1dentification information provided by the user device as
part of the above-described request or as a separate trans-
mission. The controller may receive a validity signal from
the processing node, indicating that a given user (or user
device) has been authenticated as a valid user (or user
device). Furthermore, the controller may receive a permis-
sion-to-send signal, e.g., from the processing node, indicat-
ing that the controller 1s permitted to start transmitting the
requested video content to the requesting user device.

In some embodiments, the controller may be configured
to provide each of the video transcoder devices with corre-
sponding auxiliary information for injection into the respec-
tive target encoded video stream. The corresponding auxil-
lary information may include one or more of: branding
information of a business entity; advertising information;
digital rights management (DRM) information; digital infor-
mation providing watermark functionality; and one or more
customization features requested by a content provider,
content delivery service provider, customer or user.

In some embodiments, the digital watermark information
may be individualized to the user or user device that has
requested video content. Thus, 1f the video content 1s used
improperly, the identity of the user may be identified from
the digital watermark information.

In some embodiments, each of the wvideo transcoder
devices may be configured to receive corresponding auxil-
lary information and inject the corresponding auxiliary
information into the respective target encoded video stream.
The auxiliary information may include one or more of:
branding information of a business entity; advertising infor-
mation; digital rights management (DRM) information; and
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one or more customization features requested by a content
provider, content delivery service provider, customer or user.

Additional embodiments are disclosed 1n the following
numbered paragraphs.

1. Asystem (e.g., a content delivery network) comprising:
a memory that stores a plurality of video content items,
wherein each of the video content 1tems includes a corre-
sponding encoded video stream and corresponding side
information stream; a plurality of video transcoder devices;
and a controller, wherein, for each of a plurality of remote
user devices, the controller 1s configured to receive a request
for a respective one of the content items from the remote
user device, and direct the transier of the respective content
item to an available one of the video transcoder devices;
wherein each of the video transcoder devices 1s configured
to: receive the encoded video stream and side information
stream of the respective content 1tem; transcode the encoded
video stream at a respective target picture resolution using
the side information stream, in order to obtain a respective
target encoded video stream; and transmit the respective
target encoded video stream to a respective one of the
remote user devices through a communication medium.

2. The system of paragraph 1, wherein the controller 1s
configured to: receive link reports from a first of the user
devices that 1s assigned to a first of the video transcoder
devices, wherein each of the link reports indicates a respec-
tive condition of a channel between the first video transcoder
device and the first user device; and update a target bit rate
used by the first video transcoder device to transcode the
encoded video stream 1n response to each of the link reports.

3. The system of paragraph 1, wherein the encoded video
stream of each of the video content i1tems 1s an encoded
version of a respective source video stream, wherein the side
information stream of each of the video content items
includes metadata that characterizes properties of the respec-
tive source video stream.

4. The system of paragraph 3, wherein the metadata
includes one or more candidate motion vectors per block of
the corresponding encoded video stream.

5. The system of paragraph 3, wherein the metadata
includes rate modeling data per block of the corresponding
encoded video stream.

6. The system of paragraph 3, wherein the metadata
includes distortion modeling data per block of the corre-
sponding encoded video stream.

7. The system of paragraph 1, wherein the side informa-
tion stream of each video content i1tem includes N rate
information streams corresponding to N respective coding
modes, wherein N 1s greater than or equal to one, wherein
cach rate information stream RIS, of the N rate information
streams characterizes a corresponding rate estimation func-
tion R, (q) per block of the encoded video stream of the video
content 1tem, assuming block prediction based on the
respective coding mode, wherein q 1s a quantization step
S1Z€.

8. The system of paragraph 1, wherein the side informa-
tion stream of each video content 1tem 1ncludes one or more
distortion information streams corresponding to one or more
respective coding modes, wherein each distortion informa-
tion stream DIS,; of the one or more distortion information
streams characterizes a corresponding distortion function
D, (q) per block of the encoded video stream of the video
content 1tem, assuming block prediction based on the
respective coding mode, wherein g 1s a quantization step
S1Z€.

9. The system of paragraph 1, further comprising a source
encoder configured to encode source video streams to gen-
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erate respective ones of the content items, wherein each of
the video transcoder devices consumes less power than the
source encoder, and occupies less space than the source
encoder.

10. The system of paragraph 1, wherein each wvideo
transcoder device 1s configured to perform said transcoding
by: decoding the encoded video stream to obtain a respective
decoded video stream; and encoding the respective decoded
video stream at the respective target picture resolution using,
the side information stream, 1n order to obtain the respective
target encoded video stream.

11. The system of paragraph 1, wherein the controller 1s
configured to provide each of the video transcoder devices
with corresponding auxiliary information for injection into
the respective target encoded video stream, wherein the
corresponding auxiliary information includes one or more
of: branding information of a business entity; advertising
information; digital rights management (DRM) information;
digital mformation providing watermark functionality; one
or more customization features requested by a content
provider, content delivery service provider, customer or user.

12. The system of paragraph 1, wherein each of the video
transcoder devices 1s configured to receive corresponding
auxiliary information and inject the corresponding auxiliary
information into the respective target encoded video stream,
wherein the corresponding auxihiary information includes
one or more of: branding information of a business entity;
advertising information; digital rights management (DRM)
information; digital information providing watermark func-
tionality; one or more customization features requested by a
content provider, content delivery service provider, cus-
tomer or user.

Network Edge Transcoder

FIG. 4 shows one embodiment of a method for delivering
content to clients using a network edge transcoder. At 410,
a content provider may perform a single mezzanine encod-
ing per content title. The mezzanine encoding produces an
encoded mezzanine stream file and a side nformation
stream per content title.

The single encoded mezzamine stream file and the side
information stream file for each content title may be
uploaded to an origin server of a content delivery network
(CDN). The network edge transcoder 415 may convert the
mezzanine stream to an arbitrary resolution and bit rate
using the side information stream, according to the require-
ments of each client. An http server (not shown) may cache
one copy of each content title. The http server may receive
an http segment request (1.e., a request for a segment of a
particular content 1tem) from a client, e.g., via the Internet.
IT the requested segment 1s not 1n the server cache, the http
server may request the segment from an origin server (not
shown). The origin server transiers the requested segment to
the http server. Then the http server may supply the edge
transcoder 413 with the requested segment (1.e., a portion of
one of the encoded mezzanine streams). The edge transcoder
may decode the requested segment to obtain a decoded
stream, scale the decoded stream to obtain a scaled stream,
and encode the scaled stream to obtain an output stream. The
output stream 1s transferred to the client, e.g., via the Internet
or a wireless network. The network edge transcoder converts
the requested segment to an arbitrary resolution and arbi-
trary bit rate, according to the requirements of each client.
The specific numeric values (such as 1080p24 and 20 Mb/s
for the encoded mezzanine stream, and 720p24 and 3 Mb/s
for the stream to client) shown in FIG. 4 are provided merely
tor the sake of 1llustration, and are not meant to be limiting
to the scope of the inventive principles. A wide variety of bit
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rates and picture resolutions are contemplated for the vari-
ous streams 1llustrated here and elsewhere 1n the drawings.

The mezzamine encoder 410 may encode a source video
stream to generate the mezzanine bit stream. The mezzanine
encoder 410 may also generate information (e.g., rate met-
rics and/or distortion metrics) during the mezzanine encode
process. That information may be carried 1n a separate side
information stream, or as user data in the mezzanine bit-
stream. For example, the rate and distortion metrics may be:
used for rate control, adaptive quantization, HRD compli-
ance 1n the encoder 430, 1.e., for controlling the rate of the
output bitstream transmitted from encoder 430 to the client.
Thus, the combination of the mezzanine encoder 410 and the
encoder 430 ecilectively forms a two-pass encoder. This
architecture leverages the unlimited computational budget
ol mezzanine encoder to compute rate and distortion metrics
(e.g., high quality metrics). It also minimizes the amount of
computation the network edge encoder 430 needs to perform
for eflective rate control.

System 500 for Delivering Video Content

In one set of embodiments, a system 300 for delivering
video content may include a mezzanine encoder 510, a
network edge transcoder 520, a communication medium 5235
(such as a wireless network, or a wired network, or a
combination wireless and wired networks) and a user device
530, as shown 1n FIG. 3. The system 500 may be utilized as
part of a content delivery network, or any of a wide variety
ol other applications.

The mezzanine encoder 510 receives an input video
stream 305 (1.e., a sequence of pictures) and generates a
mezzanine bit stream. The mezzamne bitstream may be an
encoded video stream. (The mezzanine bitstream 1s so
named because 1t has a position intermediate between the
two devices 510 and 520. The mezzanine encoder 1s so
named because it generates the mezzanine bitstream.) The
mezzanine bit stream may be transmitted to the network
edge transcoder 520, ¢.g., through a communication medium
such as the Internet or a wireless network. In some embodi-
ments, the mezzanine bit stream may be transmitted to a
memory medium for storage, and then later retrieved from
the memory medium by the network edge transcoder.

The mezzanine encoder may serve as the above-described
source encoder of system 100 or method 200 or system 300.

The network edge transcoder 520 may receive the mez-
zanine bitstream and transcode the mezzanine bitstream
according to a configuration of video processing capability
(VPC) acceptable to, or requested by, the user device 330.
The VPC configuration of the user device may include a
requested picture resolution and/or a requested video format
and/or a requested bit rate. Thus, the network edge
transcoder generates a user bitstream that 1s customized for
the user device. The user bitstream 1s transmitted to the user
device 530 through a communication medium 525.

The network edge transcoder 520 may serve as the video
transcoder device of system 100 or method 200 or system
300.

The network edge transcoder 520 1s so named because it
1s situated at or near the edge of a network (such as a
wireless network or a wired network or the Internet). For
example, the network edge transcoder may be located at or
near a wireless access point (e.g., base station) of a wireless
network. As another example, the network edge transcoder
may be located at or near the boundary node of a content
delivery network. (A boundary node of the content delivery
network 1s a processing node or device of the content
delivery network that exports data out of the content deliv-
ery network towards the user device.) As yet another
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example, the network edge transcoder may be located at or
near the headend of a cable or fiber optic connection to a
modem that interfaces with the user device.

In some embodiments, the communication medium 525
may be a wireless network or the air interface of a wireless
network. In one embodiment, the network edge transcoder
520 may supply the user bitstream to a basestation of the
wireless network, and the basestation may transmit the user
bitstream to the user device over the air interface. The user
device may include a transceiver to receive the transmitted
user bitstream and to transmit signals to the basestation. The
user device may transmit messages regarding the quality of
the viewing experience seen by the user. For example, the
messages may include radio analytics such as receive signal
strength, power and quality of a reference signal received at
the user device that indicate the quality of the channel
between the base station and the user device. The basestation
may embed the reference signal i 1ts transmissions to
tacilitate such measurements. Radio analytics may be used
to determine the optimal bit rate for reliable transmission to
the user device under a given channel condition. The mes-
sages may also include video analytics, e.g., messages
regarding the quality of the video recovered from the user
bitstream by the user device. The video analytics may be
used to determine the optimal (often the minimum) bt rate
required to deliver the maximum user experience within the
constraints 1mposed by the channel condition. (The radio
analytics and video analytics may be used by the network
edge transcoder 520 to perform rate control 1n 1ts generation
of the user bitstream.)

In some embodiments, the communication medium 525
may include a wired network.

In some embodiments, the communication medium 525
may include the Internet.

In some embodiments, the mezzanine encoder also trans-
mits to the network edge encoder 520 a side information
stream, as shown 1n FI1G. 6. The side information stream may
include metadata that characterizes properties of the nput
video stream 505, ¢.g., information that eases the burden on
the network edge transcoder 1n 1ts task of transcoding the
mezzanine bitstream. For example, the side information
stream may be used by the network edge transcoder 520 to
apply rate control 1n its generation of the user bitstream. As
another example, the side mmformation stream may enable
the network edge transcoder to arrive at optimal coding
decisions (e.g., decisions on quantization step size, coding
mode, motion vector selection) more efliciently than 1if the
side information stream were not provided.

The side information stream may include information
characterizing a rate estimation function R(q) and a distor-
tion estimation function D(q) for each block in the input
video stream, or at least for each block 1n selected pictures
such as P pictures and B pictures. The rate estimation
function R(q) for any given value of quantization step size
q represents an estimate of the number of bits that would
result from quantizing the transformed prediction residual
tor the block with a quantization step size equal to the given
value, and then encoding the quantized result. The distortion
estimation function D(q) for any given value of quantization
step size q represents an estimate of the image distortion
(relative to original image samples of the block) that would
result from quantizing the transformed prediction residual
tor the block with a quantization step size equal to the given
value, and then encoding the quantized result.

The side information stream may include a rate estimation
function and a distortion estimation function for each block
and each of N coding modes, wherein N 1s greater than or
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equal to one. The value of N may vary from picture to
picture. For example, an I picture may include only intra
modes, whereas a P or B picture may include one or more
inter modes and one or more intra modes.

Video Encoder 700

In one set of embodiments, a video encoder 700 (also
referred to herein as the “mezzanine encoder”) may be
configured as shown 1n FIG. 7. The video encoder may be
configured to operate on an mput video stream 705 to
generate a side mformation stream 730. The video encoder
may also generate an encoded video stream. The video
encoder 700 may include digital circuitry 710 and transmis-
sion circuitry 720. (The video encoder 700 may also include
any subset of the features, elements and embodiments
described above and below in connection with FIGS. 1-6
and 8-17.)

The digital circuitry 710 may be realized by one or more
processors operating under the control of stored program
istructions, by one or more dedicated digital circuits such
as ASICs, by one or more programmable hardware elements
such as FPGAs, or any combination of the foregoing. In one
embodiment, the digital circuitry may include a parallel
array ol processors operating under the control of stored
program 1nstructions.

In some embodiments, the side information stream 730
may comprise rate modeling data per block of the input data
stream.

In some embodiments, the side information stream 730
may comprise distortion modeling data per block of the
input data stream.

In some embodiments, the side information stream 730
may comprise candidate motion vectors for each block of
the 1put data stream.

In some embodiments, the side information 730 stream
may include one or more rate mformation streams corre-
sponding to one or more respective coding modes, wherein
cach rate information stream RIS, characterizes a corre-
sponding rate estimation function R, (q) per block of the
input video stream, where q 1s the quantization step size.

In some embodiments, the side information 730 stream
may include one or more distortion information streams
corresponding to one or more respective coding modes,
wherein each distortion information stream DIS, character-
1zes a corresponding distortion estimation function D, (q) per
block of the mput video stream, where g 1s the quantization
step size.

A typical rate characteristic TRC for a block of the mput
video stream for one coding mode 1s shown in FIG. 7B. In
this embodiment, the rate estimation function R,(q) may be
characterized by several reference points P1, P2, P3. Each
reference point 1s the value of rate R,(q,) for a correspond-
ing value g, of the quantization step size.

In some embodiments, the process to determine the rate
estimation tunction R,(q) includes computing several refer-
ence points, then fitting a continuous functional model to the
reference points.

FIG. 7C shows an example process flow to compute
several reference points belonging to the rate characteristic
for each block of the input video and for each coding mode.
As part of the normal transform coding and mode decision
processing for each block, the DCT 1s computed (as indi-
cated at 760) for a residual block 7355, resulting in unquan-
tized coethicients. A unity quantizer (1.e., gstep=1) 1s applied
at 770, and the resulting coeflicients are processed to com-
pute the maximum rate 777 that the block may produce. This
provides the point (ratemax, gstepmin) on the rate(gstep)
curve. Note that gstepmin=1.
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The unity quantized coellicients are examined to deter-
mine the largest coeflicient. This tells what value 772 of
gstep would cause all the quantized coeflicients to become
zero. That value 1s referred at as gstepmax. This provides the
point (ratemin, gstepmax ) on the rate(gstep) curve. Note that
ratemin=0.

Finally the unquantized coetlicients are quantized again at
780 with a middle value of gstep as chosen for the actual
encoding of the mezzanine bitstream that 1s neither lossless
nor extremely compressed. (That middle value 1s denoted
gstepmid.) The resulting coeflicients are used to determine
the point (ratemid, gstepmid) on the rate(gstep) curve. See
785 and 787.

A typical distortion characteristic TDC for a block of the
input video stream for one coding mode 1s shown 1n FIG.
7D. In this embodiment, the distortion estimation function
D, (q) may be characterized by several reference points Q1,
Q2, Q3. Each reference point 1s the value of distortion
D, (q,) for a corresponding value q,, of the quantization step
S1ZE.

In some embodiments, the process to determine the dis-
tortion estimation function D,(q) includes computing sev-
eral reference points, then fitting a continuous functional
model to the reference points.

The digital circuitry 710 may be configured to perform the
following operations for each block of the iput video
stream.

(A) The digital circuitry may receive a plurality of pre-
diction residuals corresponding respectively to a plurality of
coding modes. Each of the prediction residuals 1s a difler-
ence between the mput block and the prediction for the
corresponding coding mode. Each prediction may be an
array of the same dimension as the mput block.

(B) The digital circuitry may transform the prediction
residuals to obtain respective transiform blocks for the
respective coding modes:

1B, < Tranform(PR,),

k=1, 2, . .., N. In some embodiments, the transform 1s a
discrete cosine transtorm (DCT). However, other transforms
may be used as well.

(C) For each coding mode M,, the digital circuitry may
quantize the transform block for the coding mode M, using
cach of one or more values of a quantization step size g to
obtain one or more quantized versions of the transform
block. The digital circuitry may process a collection of data
including the one or more quantized versions of the trans-
form block to obtain primary rate modeling data (PMRD)
that characterizes a rate estimation function R, (q) for the
coding mode M,. The processing of each quantized version
gives an estimate (or a measured value) of the rate R, (q,) for
a corresponding value g, of the quantization step size. The
set of one or more ordered pairs {(q,,R.(q,))} corresponding
to the one or more values of quantization step size may be
interpreted as being a characterization of the rate estimation
function R,(q).

As noted the above, the video encoder 700 may also
include transmission circuitry 720. The transmission cir-
cuitry may be configured to transmit the side mmformation
stream 730 onto a communication medium (e.g., the Internet
or a wireless network). The side information stream may
include the primary rate modeling data (PRMD) for each
coding mode and for each block.

In some embodiments, the plurality of coding modes may
include an intra block coding mode and an inter block
coding mode. In other embodiments, the plurality of coding
modes may 1nclude various prediction sub-block partitions.
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In some embodiments, the one or more values of the
quantization step size q used above 1n step (C) include a
minimum value q, . that represents the quantization step
size equal to one. In these embodiments, the above-de-
scribed action of processing the collection of data may
include determining the maximum value q,, . of the quan-
tization step size (corresponding to a rate value of zero, e.g.
all quantized coeflicients are zero), based on the coetlicient
of maximum absolute value in the quantized version that
corresponds to the quantization step size equal to one.
(Recall that each of the quantized versions i1s an array of
quantized transform coeflicients.) The collection of data
used to generate the primary rate modeling data may include
the maximum value q,__ ..

Alternatively, q, . may be computed more directly from
the transform block instead of from the mimimally quantized
version ol the transform block. (In some video encoding
standards, the quantization of the transform block with
quantization step size equal to one constitutes an identity
mapping, 1.€., causing no change in the respective coetli-
cients of the transform block. Consequently, the computa-
tion of q, . may just as well rely on the un-quantized
transform block.) Thus, the operations performed per block
by the digital circuitry may also include: for each coding
mode M., computing the maximum value q,, . of quantiza-
tion step size (corresponding to a rate value of zero) based
on the transform block for that coding mode, 1.e., based on
the coetlicient of the transformed block having maximum
absolute value. In this alternative embodiment, the collec-
tion of data used to generate the primary rate modeling data
also includes the maximum value q,, ..

In some embodiments, the one or more values of quan-
tization step size may include a minimum value q, . that
represents the quantization step size equal to one. Further-
more, the action of processing the collection of data may
include computing a maximum rate value R associated
with the minimum value q,_ ., of quantization step size, based
on the quantized version that corresponds to the minimum
value q, .. . Alternatively, the maximum rate value R may
be determined more directly from the transform block
instead of from the minimally-quantized version of the
transform block. In this alternative embodiment, the opera-
tions performed per block by the digital circuitry may also
include computing a maximum rate value R associated
with the minimum value q, ., of quantization step size based
on the transform block for that coding mode. In these
embodiments, the collection of data used to generate the

primary modeling data includes the maximum rate value
R

ax”

In some embodiments, the one or more values of quan-
tization step size may include a middle value q, , ; strictly
between a standard-defined minimum value (e.g., the value
one) and a maximum value. For example, q, ., may be the
midpoint between the minimum value q,_ . that represents
the quantization step size equal to one and the maximum
value q_ .. Alternatively, the value q, ., may be selected
based on any optimization approach used by the mezzanine
encoder, such as rate-distortion optimization (RDO). Fur-
thermore, the action of processing the collection of data may
include computing a middle rate value R . , associated with
the middle value q, . , of quantization step size, based on the
quantized version that corresponds to the middle value q, , .
In these embodiments, the collection of data used to generate
the primary modeling data includes the middle rate value
R ..

In some embodiments, the computing of rate value R
associated with any value q of quantization step size may
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consist of a simple approximation to emulate the code sizes
of the quantized coetlicients. For example, R 1s the sum of
terms 1+2*log,[abs(coell)] for every non-zero coeflicient
coell 1n the quantized version.

In some embodiments, the computing of rate value R
associated with any value q of quantization step may be the
result ol the complete entropy encoding of the quantized
version, or from an exact or approximate emulation of the
entropy encoding of the quantized version.

It should be understood that the computational complex-
ity increases with the number of states of the quantization
step size that are explored. However, the accuracy of the
resulting rate estimation function may also increase with
said number.

In some embodiments, the processing of the collection of
data may also include computing fitting parameters for a
continuous functional model using the one or more ordered
pairs. The fitting parameters may also be interpreted as a
characterization of the rate estimation function R,(q). The
tfunctional model may be one described 1n the literature such
as any the following:

R, (g)=a+p log(1/q) [Lin, 1998];
R (qg)=a+p/qg" [Lin, 1998];
R;(g)=an expression based on a Laplace distribution

of transform residuals [L1, 2009].

In these example continuous functional models, o and § are
the fitting parameters. The computing of fitting parameters
may consist ol using numerical methods to assign values to
the fitting parameters to minimize the error between the
continuous functional model and all the computed states of
the quantization step size corresponding to a transiorm
block, for example:

(Rmax? Qminzl)!
(Rmz'd: '?mz'd'):

(Rmin:0: qmax) "

As shown in FIG. 8, 1n some embodiments, the operations
performed per block by the digital circuitry may also
include: for each coding mode M,, generating one or more
reconstruction residuals based respectively on the one or
more quantized versions of the transform block for that
coding mode, and generating primary distortion modeling
data (PDMD) that characterizes a distortion function D, (q)
for the coding mode based on the one or more reconstruction
residuals. (Each of the reconstruction residuals may be a
difference between the input block and a respective recon-
structed block derived from a respective one of the quan-
tized versions of the transform block.) In these embodi-
ments, the side information stream 730 may also include the
primary distortion modeling data for each coding mode and
cach block.

In some embodiments, the computing of distortion value
D associated with any value q of quantization step size may
comprise the sum of square error (SSE) of the reconstruction
residual derived from the respective one of the quantized
versions of the transform block.

In some embodiments, the processing of the collection of
data may also include computing {fitting parameters for a
continuous functional model using the one or more ordered
pairs. The fitting parameters may also be interpreted as a
characterization of the distortion estimation function D,(q).
The functional model may be one described in the literature,
such as:

Dylg)y=0gq”

[Sullivan, 1998].
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In this example continuous functional model, o 1s the fitting
parameter. The computing of {itting parameters may consist
ol using numerical methods to assign values to the fitting
parameters to minimize the error between the continuous
functional model and all the computed states of the quanti-
zation step size corresponding to a transform block, for
example (D, q).

In some embodiments, the operations performed per
block by the digital circuitry 710 may also include: (1)
selecting the quantized version of the transform block that
corresponds to an optimizing one of the coding modes and
an optimizing value of the quantization step size q, where
the optimizing value of the quantization step size and the
optimizing coding mode have been selected based on any
optimization approach used by the mezzanine encoder, such
as rate-distortion optimization (RDO); and (2) encoding the
quantized version corresponding to the optimizing coding
mode and the optimizing value of quantization step size g to
generate output bits that contribute to an encoded video
stream. The transmission circuitry may be configured to
transmit the encoded video stream onto the commumnication
medium.

In some embodiments, the digital circuitry 710 may
include transform circuitry and encoding circuitry. The
transform circuitry may be configured to perform said
receiving, said transforming, said quantizing for each coding
mode M, said processing, and said selecting. The encoding
circuitry may be configured to perform said encoding the
quantized version corresponding to the optimizing coding
mode and the optimizing value of quantization step size q.
In one embodiment, the transform circuitry and the encoding
circuitry are pipelined, with the encoding circuitry operating
on an earlier picture of the picture sequence than the
transform circuitry.

In some embodiments, the operations performed per
block of the mput video stream may include: (1) quantizing
the transform block corresponding to an optimizing one of
the coding modes using an optimizing value of the quanti-
zation step size ¢, wherein the optimizing value of the
quantization step size and the optimizing coding mode have
been selected any optimization approach used by the mez-
zanine encoder, such as rate-distortion optimization (RDO);
and (2) encoding the quantized transform block correspond-
ing to the optimizing coding mode and the optimizing value
of quantization step size q to generate output bits that
contribute to an encoded video stream. The quantization step
in (1) may be separate from said quantization of the trans-
form blocks using the one or more values of quantization
step size, 1.¢., the quantization performed as part of the
above-described step (C). The transmission circuitry 1s con-

figured to transmit the encoded video stream onto the
communication medium.

In one set of embodiments, a video encoder 900 may be
configured as shown 1n FIG. 9. The video encoder may
include digital circuitry 910 and transmission circuitry 920.
(Furthermore, video encoder 900 may include any subset of
the features, elements and embodiments described above 1n
connection with FIGS. 1-8 and 10-17.)

The digital circuitry 910 may be configured to perform,
for each of a plurality of blocks of the input video stream,
operations including: (A) transforming a plurality of predic-
tion residuals that correspond respectively to one or more
coding modes 1n order to obtain one or more respective
transform blocks for the one or more respective coding
modes; and for each coding mode M,, processing the
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respective prediction residual and/or the respective trans-
form block for the coding mode M, to obtain rate modeling
data (RMD) 915 for the coding mode M,. The digital
circuitry 910 may be realized in hardware as variously
described above in connection with digital circuitry 710.

The transmission circuitry 920 may be configured to
transmit a side information stream 930 onto a communica-
tion medium, wherein the side information stream includes
the rate modeling data for each coding mode and for each
block.

In some embodiments, the rate modeling data may
include data characterizing a rate estimation function R, .(q)
for at least one of the one or more coding modes, wherein
g represents quantization step size.

In some embodiments, the operations performed per
block by the digital circuitry also include: for each coding
mode M., generating one or more reconstruction residuals
based respectively on one or more quantized versions of the
transform block for that coding mode, and generating dis-
tortion modeling data for the coding mode based on the one
or more reconstruction residuals, wherein the side informa-
tion stream also includes the distortion modeling data for
cach coding mode and each block.

In some embodiments, the distortion modeling data
includes data characterizing a distortion estimation function
D,(q) for at least one of the one or more coding modes,
wherein q represents quantization step size.

In some embodiments, the digital circuitry may be further
configured to generate an encoded video stream that repre-
sents an encoded version of the mput video stream, wherein
the transmission circuitry i1s configured to transmit the
encoded video stream onto the communication medium.

In some embodiments, the action of generating the
encoded video stream includes operating on at least one of
the one or more transform blocks.

In one set of embodiments, a video encoder may include
digital circuitry and transmission circuitry as follows. The
digital circuitry may be configured to encode an input video
stream to obtain an encoded video stream, wherein said
encoding includes generating a side information stream that
characterizes properties of the input video stream. The
transmission circuitry may be configured to transmit the
encoded video stream and the side information stream.

In some embodiments, the side information stream
includes data characterizing rate and/or distortion properties
of the mput video stream.

In some embodiments, the side information stream
includes a stream of candidate motion vectors.

Video Transcoding System

In one set of embodiments, a video transcoding system
1000 may be configured as shown in FIG. 10. (Furthermore,
video transcoding system 1000 may include any subset of
the features, elements and embodiments described above
and below in connection with FIGS. 1-9 and 11-17.)

The video transcoding system may receive a first encoded
video stream 1005, and generate a second encoded video
stream 1035 that 1s customized (e.g., 1n terms of one or more
factors such as picture size, video format and bitrate) for a
user device 1045 being currently served. A single stored
copy of the first encoded video stream 1005 may be
transcoded 1n different ways for diflerent user devices. For
example, the first encoded wvideo stream 1005 may be
transcoded to a low bitrate and small picture size for a
mobile device connected via a wireless network, and to a
high bitrate and large picture size for a home theater
connected via a wired network. Furthermore, the wvideo
transcoding system 1000 may dynamically adjust the output
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bitrate of the second encoded video stream according to the
conditions of the channel between the video transcoding
system and the user device, e.g., based on feedback received
from the user device. The second encoded video stream 1s
transmitted to the user device through a communication
medium 1040 (e.g., a wireless network, or a wired network,
or a combination of wireless and wired networks). The video
transcoding system 1000 may be situated at or near the edge
of a network, e.g., as described above in connection with
network edge transcoder.

The video transcoding system 1000 may be used 1n a wide
variety of contexts and applications. For example, the video
transcoding system 1000 may be coupled to a wireless
access point (e.g., basestation) of a wireless network. Thus,
the communication medium 1040 may be an air interface
between the access point and the user device. In this context,
the ability to customize and apply dynamic bitrate control to
the second encoded video stream 10335 1s especially usetul
because of the limited bandwidth available for the air
interface and the highly dynamic nature of the channel.

In one application, the video transcoding system 1000
may be used by the operator of a content delivery network
(CDN), and may be situated at or near the edge of the CDN.
Thus, the output provided by the video transcoding system
1000 may be transmitted to a user device through a com-
munication medium 1040 that 1s outside the control of the
CDN operator. The video transcoding system 1000 may be
used as the network edge transcoder of system 3520. (See
FIGS. 5 and 6.)

The wvideo ftranscoding system 1000 may include a
decoder 1010, a scaling unit 1020 and an output encoder
1030. The decoder 1010 may be configured to receive and
decode a first encoded video stream 1005 to obtamn a
decoded video stream 1015.

The scaling unit 1020 may be configured to scale the
decoded video stream to a target picture resolution 1n order
to obtain a scaled video stream 10235. The target picture
resolution may be lower than, the same, or even higher than
the picture resolution implicit 1n the first encoded video
stream 1005. The target picture resolution 1s programmable.
Thus, different target picture resolutions may be used when
serving different user devices.

The output encoder 1030 may be configured to receive a
side mformation stream 1028 (e.g., as variously described
above) associated with the first encoded video stream, and
encode the scaled video stream using the side information
stream 1028 1n order to obtain the second encoded video
stream 1035.

The first encoded video stream 1005 may be interpreted as
an encoded version of a source video stream. (In some
embodiments, the first encoded video stream 1s the stream
produced by the mezzanine encoder 510, the video encoder
700, or the video encoder 900.) The side information stream
1028 may include metadata that characterizes properties of
the source video stream. For example, the side information
stream may include information characterizing rate and/or
distortion properties of blocks 1n the source video stream. As
another example, the side information may include motion
vectors for blocks in the source video stream. The side
information stream may be used by the output encoder 1030
to make optimal (or near optimal) coding decisions in a
computationally eflicient manner, e.g., decisions on which
coding mode to use for a given block, or what value of
quantization step size to use for a given block, or which one
or more motion vectors are likely to give optimal inter
predictions for a given block, etc.
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In some embodiments, the side information stream may
include N rate information streams corresponding to N
respective coding modes, wherein N 1s greater than or equal
to one. Each rate information stream RIS, of the N rate
information streams characterizes a corresponding rate esti-
mation function R, (q) per block of the first encoded video
stream assuming block prediction based on the respective
coding mode, where the vanable q represents quantization
step size.

In some embodiments, the value of N may vary from one
picture to the next. For example, N may equal two for a
given coded picture (such as a P picture or a B picture) of the
first encoded video stream, 1n which case the rate informa-
tion stream RIS, may correspond to an intra coding mode,
and the rate information stream RIS, may correspond to an
inter coding mode. Alternatively, the value of N may be
interpreted as being {ixed, but for some pictures, one or more
of the N rate information streams may be quiescent. For
example, 1n the N=2 case, an intra picture may not need the
rate information stream for the inter coding mode, while a P
picture or B picture may use both the intra rate information
stream and the inter rate information stream.

In some embodiments, each rate information stream RIS,
characterizes the rate estimation function R,(q) for each
block with a corresponding set of two more fitting param-
eters associated with a continuous functional model. The
continuous functional model may have any of a varniety of
forms. In one implementation, the continuous functional
model has the form:

R (g)=0+ log(1l/q) [Lin, 1998]

where o and p are the fitting parameters.

In some embodiments, the side information stream also
includes N distortion information streams, where each dis-
tortion information stream DIS, of the N distortion infor-
mation streams characterizes a corresponding distortion
tfunction D,(q) per block of the first encoded video stream,
assuming block prediction based on the respective coding
mode. Fach distortion information stream DIS, may char-
acterize the distortion function D, (q) for each block with a
corresponding set of one or more fitting parameters associ-
ated with a continuous functional model. The continuous
functional model may have any of a wide varnety of forms.
For example, 1n one implementation, the continuation func-
tion model has the form:

D.(g)=aq” [Sullivan, 1998]

where ¢ 1s a {itting parameter.

In some embodiments, the side information stream 1s used
as 1nput to the rate control process of the output encoder
1030. A typical rate control algorithm may be based on an
aggregate function R ,(q) for a picture and an aggregate
distortion function D ,(q) for the picture. The side informa-
tion stream may contain the information needed to compute
R ,(q) and D ,(q) for a given target picture resolution of the
scaled video stream. The rate control algorithm may com-
prise controlling a scalar value A to achueve a target bit rate
and to avoid overtlow or undertlow of a coded picture buller
at a remote decoder that receives the second encoded video
stream.

In some embodiments, N=2 for a given coded picture of
the first encoded video stream, 1n which case the distortion
information stream DIS, may correspond to an intra coding
mode, and the distortion information stream DIS, may
correspond to an inter coding mode.

In some embodiments, the output encoder 1030 may be
configured to process the side information stream in order to
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obtain an aggregate rate estimation function R ,(q) for each
frame of the scaled video stream, where q represents quan-
tization step size. The aggregate rate estimation function
R ,(q) may be used 1n the selection of block coding mode
and/or quantizer.

In some embodiments, the output encoder 1030 may be
configured to further process the side information stream 1n
order to obtain an aggregate distortion estimation function
D ,(q) for each frame of the scaled video stream. The
aggregate rate estimation function R ,(q) may be used 1n the
selection of block coding mode and/or quantizer.

In some embodiments, the output encoder may be con-
figured to further process the side information stream 1in
order to obtain both an aggregate rate estimation function
R ,(q) and an aggregate distortion estimation function D ,(q)
for each frame of the scaled video stream.

In some embodiments, the output encoder 1030 may be
configured to: (a) compute an aggregate rate fTunction R ,(q)
for a picture based on the N rate information streams; (b)
compute an aggregate distortion function D ,(q) for the
picture based on the N distortion information streams; (c)
compute an aggregate scale function A(q) for the picture
based on the aggregate rate function R ,(q) and the aggregate
distortion function D ,(q), wherein said encoding the scaled
video stream includes encoding the picture using Lagrange
optimization based on a rate distortion cost function param-
cterized by scalar value A; and (d) control the scalar value A
using the aggregate rate function R ,(q), the aggregate dis-
tortion function D ,(q), and the aggregate scale function
Ma).

A process used by some embodiments to compute the
aggregate rate function R ,(q) and the aggregate scale func-
tion A(q) 1s shown in FIG. 11. Process 1100 tallies the
contributions of all the blocks in the picture, resulting 1n an
aggregate rate function R ,(q) 1145 for the picture, 1.e.,
resulting in data that characterizes rate as a function of
quantization step size for the picture. The tallying over
blocks 1s suggested by the loop construct 1110. For each
value of quantizer step size (, the picture process may: (1)
compute a block-related value of inter rate corresponding to
the quantizer step size q by evaluating the functional model
using the 1nter rate estimation function R, (q), as indicated at
1120; (2) compute a block-related value of intra rate corre-
sponding to the gstep value by evaluating the functional
model using the intra rate estimation function R,(q), as
indicated at 1125; (3) select the block coding mode (inter or
intra) that has the lower value of rate, as indicated at 1130;
(4) accumulate that lower rate value for the block into the
picture-related rate function R ,(q), as indicated at 1135; and
(4) apply a correction factor (referred to as ratefit) to the
picture-related value R ,(q) to improve the accuracy of the
estimation, as indicated at 1140. The 1teration over quantizer
step size 1s 1indicated by the loop construct 1115. While FIG.
11 shows the loop on quantizer step size being inside the
loop over blocks, in alternative embodiments, the nesting
may be reversed, 1.¢., the loop over blocks may be the inner
loop. Also, 1t should be understood that iterations over either
or both of the loops may be parallelized.

In some embodiments, a correction 1140 may be applied,
¢.g., based on the expression:

R 4(q)<—ratefit™R 4(q),

where ratefit 1s a value computed by comparing predicted
size and actual size from previous pictures 1n the video
sequence.

After computing the picture-related function R ,(q) over a
range ol quantizer step size g, a picture-related lambda
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function A(q) 1s computed, as indicated by the loop 1150
over quantizer step size . The picture-related lambda tunc-
tion A(q) may be used, e.g., by the rate control algorithm.

At 1155, numerical techmiques are used to compute a
value of the picture-related rate derivative function dR ,(q)/
dg over the range ol quantizer step size. The notation
dR ,(q)/dq represents the derivative of rate with respect to
quantizer step size.

At 1160, a value of the picture-related lambda function
AMq) may be computed for the current value of gstep,
according the formula:

Ma)==(dD 4(q)/dq)/(dR 4(q)/dq),

where dD ,(q)/dq 1s a picture-related distortion derivative
function.

In some embodiments, the derivative function dD ,(q)/dq,
or one or more parameters characterizing that function, may
be supplied as a mput to the process 1100. For example:

dD ,(q)/dg=constant,

where the value of the constant may be determined, e.g.,
empirically by oflline analysis of a set of example video
clips.

In other embodiments, the aggregate distortion function
D ,(q) and 1ts derivative may be computed by adding the
contributions from the distortion estimation functions D,(q)
for every block 1n a similar manner to process 1100.

In some embodiments, the aggregate rate tunction R ,(q),
the aggregate distortion function D ,(q), and the aggregate
scale Tunction A(q) may be computed and stored as lists of
values over a set of discrete quantizer step size values, rather
than as closed form equations. Even so, each of the functions
may be considered to be a continuous mapping, with inter-
mediate values computed by interpolation. Furthermore,
cach of the functions 1s understood to be a one-to-one (1.e.
invertible) mapping due to the fact that the underlying rate
and distortion estimation functions per block are monotonic.

In the process 1100 to compute the aggregate rate function
R ,(q), the contribution of rate for each block 1n the output
resolution may be from a mapped rate estimation function
R'.(q) when the output resolution 1s different from the input
resolution due to the operation of the scaler unit 1020. The
mapped rate estimation function R',(q) for a given block in
the output resolution equals the rate estimation functions
R.(q) of the one or more blocks at the corresponding scaled
position 1n the first encoded video stream 1003.

If the side information stream includes distortion model-
ing information, 1t 1s also tallied as mapped distortion
estimation functions in the same manner as the mapped rate
estimation functions.

In some embodiments of the transcoding system 1000, the
side mformation stream may include one or more candidate
motion vectors for each block of the first encoded video
stream, where the output encoder 1s configured to perform a
fine-resolution motion vector refinement for each block that
1s restricted to one or more neighborhoods 1n motion vector
space based on the one or more candidate motion vectors.
The candidate motion vectors may be scaled if the target
picture resolution 1s not the same as the picture resolution
implicit in the first encoded video stream.

In some embodiments, the decoder 1010 may be config-
ured to recover a motion vector for each block from the first
encoded video stream 1005 as part of said decoding the first
encoded video stream. In these embodiments, the output
encoder may be configured to perform a motion vector
refinement for each block that 1s restricted to a neighborhood
in motion vector space based on the motion vector for the
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block. The candidate motion vector may be scaled it the
target picture resolution i1s not the same as the picture
resolution 1mplicit 1n the first encoded video stream.

The output encoder 1030 may be configured to encode a
block of the scaled video stream by minimizing a rate
distortion function J over a space of encoding choices, where
the rate distortion function J 1s parameterized by scalar value
A according to the relation J=R(c)+AD(c), where vector ¢
represents a given realization of the encoding choices, where
the rate function R(c) 1s an estimate (or measurement) of a
number of bits that would be generated by encoding the
block under the realization ¢, where the distortion function
D(c) 1s an estimate (or measurement) of the block distortion
that would be generated by encoding the block under the
realization c¢. The encoding choices may include a choice of
quantization step size . If N 1s greater than one, the
encoding choices may also include a selection of coding
mode from among the N coding modes.

In some embodiments, the side information includes one
or more candidate motion vectors per block (e.g., for P
pictures or B pictures). In these embodiments, the encoding
choices may also include a selection of a motion vector from
a set of vectors including the one or more candidate motion
vectors. The set of vectors may also include a decoded
motion vector recovered from the first encoded video stream
as part of said decoding the first encoded video stream.

In some embodiments, the output encoder 1030 may be
configured to: (a) compute an aggregate rate function R ,(q)
for a picture based on the N rate information streams; (b)
compute an aggregate scale function A(q) for the picture
based on the aggregate rate function R ,(q) and an aggregate
distortion function D ,(q). In these embodiments, the action
of encoding the scaled video stream may include encoding
the picture using Lagrange optimization based on a rate
distortion function parameterized by the scalar value A.
Furthermore, the output encoder may control the scalar
value A using the aggregate rate function R ,(q), the aggre-
gate distortion function D ,(q), and/or the aggregate scale
function A(q) 1n order to avoid overflow or undertlow of a
coded picture butler at a remote decoder that receives the
second encoded video stream.

In some embodiments, the output encoder 1030 may be

configured to: (1) encode the scaled video stream based on
Lagrange optimization using a rate distortion function
parameterized by scalar value A; and (2) dynamically adjust
the scalar value A based on the side information stream in
order to prevent overtlow and undertlow of a coded picture
bufler of a remote decoder that recerves the second encoded
video stream (1.e. in order to perform rate control).
In some embodiments, the algorithm for adjusting the
scalar value A may be any ol a number of rate distortion
optimization-based rate control approaches available 1n the
literature including [Lin 1993], [Weigand 1996], [Lin 1998§],
or [Cho1 1994]. All of these describe a control method based
the aggregate rate function R ,(q) and aggregate distortion
function D ,(q), or based on other functions that can be
computed from them such as D (R ,). All of these describe
a control method that dynamically adjusts the scalar value A
to accomplish rate control.

In some embodiments, the rate control algorithm
described in the literature results 1n a uniform value for the
quantization step size q to apply to every block in the
picture. In other embodiments, such as one described in
[Cho1 1994], the block level rate and distortion estimation
functions R,(q) and D,(q) as may be found in the side
information stream may be used to accomplish adaptive
quantization leading to the optimal set of quantization scale
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tactors q for all the blocks of the output picture resulting 1n
mimmum distortion within the constraint of a target bit rate.

In some embodiments, the video transcoding system 1000
may also include transmission circuitry configured to trans-
mit the second encoded video stream to a remote video
decoder (e.g., associated with a user device) through the
communication medium 1040. For example, the transmis-
sion circuitry may include a wireless transmitter (or trans-
ceiver) configured to transmit signals through space. The
wireless transmitter may be part of a basestation 1 a
wireless communication network. As another embodiment,
the transmission circuitry may be a network interface for
transmitting data into an IP network such as the Internet.

In some embodiments, the output encoder 1030 may be
configured to receive auxiliary information and inject the
auxiliary information into the scaled video stream. The
auxiliary information may include one or more of the
following: branding information of a business entity; adver-
t1sing information; digital rights management (DRM) 1nfor-
mation; digital information providing watermark function-
ality; and customized {features requested by a content
provider, content delivery service provider, customer or user.

In some embodiments, at least one of the decoder 1010,
the scaling unit 1020 and the output encoder 1030 1s
implemented using software configured for execution on an
array of parallel processors. For example, the array of
parallel processors may be two-dimensional array of parallel
Processors.

In some embodiments, the decoder, the scaling unit, the
output encoder are implemented on distinct subsets of
processors 1n an array of parallel processors.

Rate Control for Video Compression

The present patent discloses among other things a bit rate
control method for a video compression encoder. The bit rate
control method may be applied, e.g., to any video compres-
sion method that includes a hybrid encoder. (Hybrid encod-
ers use motion compensation and have the property that bit
allocation varies greatly from picture to picture.) The bit rate
control method 1s described as being applied to the H.264
encoding standard, for which an optimal solution 1s desired

for a great number of interdependent encoding choices.
However, other standards may be used as desired.

Additionally, 1t should be noted that the bit rate control
method 1s applicable to any hardware and/or software imple-
mentation. In some embodiments, the bit rate control
method may be compatible with highly parallel implemen-
tations, such as those for the HyperX processor (a product of
Coherent Logix™), field programmable gate arrays (FP-
GAs) or application specific integrated circuits (ASICs),
which generally have more constraints on data dependencies
than serialized software implementations based on an
imperative programming model. In other embodiments, the
bit rate control method may be compatible with a serialized
soltware 1mplementation.

In some embodiments, the rate control method 1s applied
in a conventional encoder that takes uncompressed video
samples as mput and produces a compressed video output
bitstream. In other embodiments, the rate control method 1s
applied 1n a network edge transcoder which converts a
previously encoded video elementary stream to a new bit-
stream, €.g., at lower bit rate. In yet other embodiments, the
rate control method 1s applicable 1n a split configuration,
where the entire encoding process 1s divided into a first part
that performs analysis and motion estimation to produce an
intermediate stream of analytical data about the video con-
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tent, and a second part that uses the imtermediate stream as
iput and produces a compliant video elementary stream
output.

The general goal of rate control 1n a video compression
encoder 1s to make decisions on a number of encoding
algorithm choices, all of which aflect the bit rate and picture
quality of the output bit stream. The encoding parameter
with the greatest impact on quality and bit rate 1s the
quantization parameter (QP), but a myriad of other choices

are important such as motion vector selection, motion mode
selection, intra mode selection and macroblock mode deci-
$101.

In some embodiments, the bit rate control method may
utilize a global approach to guide all of the encoding
decisions, resulting in the minimum distortion for a given
target bit rate. The bit rate control mechamism may include
many components that are distributed and integrated 1nto all
of the major pipeline stages of the encoder, from video 1mput
and analysis, through motion estimation, intra mode analy-
s1s, transform coding and entropy coding.

Rate Control System Components and Features

In one embodiment, a bit rate control system may mvolve
a bufler model, rate-distortion optimization, a macroblock
model, intra complexity analysis, motion analysis, picture
type selection and a rate control mechanism.

Bufler Model—The encoder may maintain a model of the
decoder’s compressed picture buller to ensure that the bit
stream produced by the encoder will not undertlow or
overflow the compressed picture bufler on playback. In
H.264 the bufler model 1s called the Hypothetical Reference
Decoder (HRD), and in MPEG-2 1t 1s called the Virtual
Bufler Verifier (VBV). H.264 also includes an i1dealized
encoder and transmission channel, called the Hypothetical
Stream Scheduler (HSS). In some embodiments, the rate
control system may implement a combined HRD/HSS
model.

Rate-Distortion Optimization Basis—Rate-distortion
optimization (RDO) may provide a unified mechanism for
adapting all of the encoding decisions to the target bit rate.
It 1s a particular application of a more general Lagrangian
optimization technique for solving problems of optimal
allocation of resources. The Lagrange multiplier A,
described below 1n more detail, may be the variable that 1s
controlled by the rate control system. All of the encoding
parameters and choices, such as QP and coding modes, and
consequently, the bit rate of the encoder’s output, may be
dependent on the value of A.

Macroblock Model—The macroblock model may serve
as a simplified description of the macroblock for rate control
purposes, €.g., in place of the original source image sample
values or their corresponding transform coetlicients. With a
small number of fitting parameters for each coded macrob-
lock, the rate control system may estimate or predict the
number of bits that will result in the bitstream and the
distortion for that macroblock, and what QP value should be
used for a given value of A. The fitting parameters may be
determined from a number of data sources, including, for
example, mput sample analysis, results of motion estima-
tion, and transform coeflicients.

Intra Complexity Analysis—The mput to the encoder may
be analyzed to obtain a figure of merit representing the
complexity of the video samples within the video frame.
(Note that this analysis should not be confused with 1intra
prediction mode analysis.) The result of intra complexity
analysis may be provided as an iput to the macroblock
model.
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Motion Analysis—A measure of how well the samples of
a macroblock in the current picture can be predicted with
motion compensation irom a reference frame may be com-
puted as part of the motion estimation process. This measure
may provide a basis for selection of a probable macroblock
mode (inter versus intra) and may be another input to the
macroblock model. The probable macroblock mode may be
set to 1ntra for a poorly predicted macroblock, and to inter
tor a well predicted macroblock.

Picture Type Selection—The selection of picture type
may include two mechanisms. A group of pictures (GOP)
schedule may determine the preliminary picture type accord-
ing to a user-specified cadence. The period between intra
pictures 1s referred to as the key-frame interval and may
have a value from 1 (implying that all frames are of intra
type) to hundreds of frames. The period between P pictures
may be determined when the user specifies how many

consecutive B pictures are to be used, typically in the range
of 0 to 3.

After the GOP schedule determines the preliminary pic-
ture type, scene change detection algorithms may force a
scheduled B or P picture to be coded as intra. A rapid motion
detection algorithm may cause a scheduled B picture to be
coded as a P picture. Overniding the scheduled picture type
may atlect the GOP schedule for subsequent pictures.

Scene change and rapid motion detection algorithms may
be based on motion analysis metrics. The motion analysis
metrics may be computed as part of the motion estimation
process.

Look Ahead Processing—Intra complexity analysis,
motion analysis, and picture type selection can be performed
many pictures 1n advance of the actual coding functions. The
amount of look ahead that 1s useful 1s comparable to the
number of compressed pictures that can stored in the decod-
er’s coded picture buller, up to 20 frames or more 1n some
cases. The combined information for all of the frames within
the sliding look ahead window may be used as part of the
rate control mechanism.

Rate Control Mechanism—The rate control mechanism
may be a discrete-time feedback control system. The rate
control mechanism may attempt to maintain the value of A
as constant as possible. Projections of decoder builer occu-
pancy based on the current picture’s complexity and that of
other pictures in the look ahead window may cause the rate
control mechanmism to increase or decrease the value of
lambda. Discrete-time system analysis techmques may thus
be used in the design of the feedback control system to
ensure stability.

FIGS. 12 and 13—Block Diagram for Rate Control Sys-
tem

FI1G. 12 1llustrates the second half of an H.264 encoder or
the second half of a network edge transcoder, according to
one embodiment. This second half may include a transform
stage 1210, an entropy coding stage 1213, and a bitstream
formation stage 1220. The integrated rate control compo-
nents may include the frame bufler A of intra complexity and
motion analysis information, the mnput for the scalar value A,
the picture size outputs, and the implementation of the
macroblock model for gstep selection (within the transform
stage). The picture size outputs may include a provisional
picture size (PPS) from the transform stage and an actual
picture size (APS). The transmission of the actual picture
size for a given picture may be delayed relative to the
transmission of the provisional picture size for that picture,
due to the pipelined nature of processing in the depicted
embodiment.
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FIG. 12 indicates the relative position and use of various
frame buflers. The frame buflers may include: a bufler A for
current picture luma (luminance) and chroma (color)
samples; a buller B for motion vectors and prediction
samples; a bufler C for intra complexity and motion analysis
per macroblock; a bufler D for reconstructed samples to
motion estimation refinement; a bufler E for coded macro-
block information; and a bufler F for slice data.

As 1ndicated, in this embodiment, the transform stage
1210 receives as mput data from buller A (current picture
luma and chroma samples), buller B (motion vectors and
prediction samples), buller C (intra complexity and motion
analysis per macroblock), and scalar value A, and provides
output to bufler D (reconstructed samples) and bufler E
(coded macroblock information), as well as information
regarding provisional picture size. In this embodiment, the
entropy coding stage 1215 receives 1ts input data from butler
E (coded macroblock information), and outputs slice data (to
bufler F) and actual picture size. The bitstream formation
stage 1220 recerves the slice data from bufler F, and gen-
erates a corresponding portion of the output bitstream.

FIG. 13 illustrates one embodiment of the first half of the
H.264 encoder. The rate control components may include
intra complexity analysis 1310, the bufler model 1315,
picture type selection 1320, and the rate control mechanism
1325. Within the coarse motion estimation stage 1330 there
may be a motion analysis process. Intra complexity infor-
mation and motion analysis information may be provided to
the transform stage via bufler C, and picture size information
may be received as feedback from the downstream stages.
The picture size information may include a provisional
picture size PPS from the transform stage and an actual
picture size (APS)

In addition to the previously described buflers A, B, C and
D, the subsystem of FIG. 13 may utilize butlers G, H, 1, J and
J. Bufler G 1s for current picture luma and chroma samples.
Bufler H 1s for decimated current and reference pictures
(luma). Bufler J i1s for intra complexity analysis results.
Bufler K 1s for motion analysis results. Bufler I 1s for coarse
motion vectors.

As FIG. 13 indicates, the intra complexity analysis pro-
cess 1310 may recerve its input data from builer G (current
picture luma and chroma samples) and provide output to
bufter J (intra complexity analysis results). The current
picture decimation process 1328 may provide output to
bufler H (decimated current and reference pictures). The
bufler model 1315 may receive the provisional picture size
PPS and the actual picture size APS, and provide output to
the rate control mechanism, as shown. The coarse motion
estimation process 1330 may receive mput from builer H
(decimated current and reference pictures), and provide
outputs to bufler K (motion analysis results) and bufler I
(coarse motion vectors). The picture type selection process
1320 may receive mput from bufler J (intra complexity
analysis results) and bufler K (motion analysis results), and
provide output to the motion estimation refinement process
1335. The rate control mechanism 1325 may receive input
from the bufler model, from builer J (intra complexity
analysis results), and from buller K (motion analysis
results), and provide a value of the Lagrange multiplier A to
the transform stage 1210 of FIG. 12 and to the motion
estimation refinement process. Finally, the motion estima-
tion refinement process 13335 may receive mput from builer
A (current picture luma and chroma samples), from builer I
(coarse motion vectors), from the picture type selection
process (picture type), the rate control mechamsm (the value
of A), and bufler D (reconstructed samples to motion esti-
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mation refinement), and may provide output to builer B
(motion vectors and prediction samples) and buller C (intra
complexity and motion analysis per macroblock).

It should be noted that the particular configuration of
clements shown i FIGS. 12 and 13 1s meant only as an
example of the inventive principles herein disclosed, and 1s
not intended to limit implementations to any particular form,
function or appearance.

System Component Details

The following provides further details regarding compo-
nents or features of the rate control system, according to one
set of embodiments.

Rate-Distortion Optimization Basis

For any given point 1n an N-dimensional space of possible
encoding choices, it 1s possible to compute the following
values:

R=rate=the number of bits in the bitstream resulting from

the encoding choices;

D=distortion=the distortion caused by the lossy encoding

algorithm according to the choices.

Distortion may be based on any of a number of distance
criterita. The commonly used peak signal-to-noise ratio
(PSNR) 15 based on the mean squared-error (MSE) between
the block of mnput samples to the encoder and the block of
reconstructed samples provided by the local decoder. Using,
MSE as the distortion measure may optimize the algorithm

for improved PSNR.

Mean Absolute Difference (MAD), which 1s closely
related to Sum of Absolute Diflerences (SAD), may also be
used, as well as any distance criterion that results 1n a real
value for distortion.

As noted above, rate-distortion optimization theory
defines a cost function J as:

J=D+IR.

Lagrangian Optimization 1s the technique of minimizing
I for a given value of A, where A 1s the Lagrangian multiplier,
as noted above.

To select a particular encoding choice over another means
picking the choice that minimizes J. Selection of the quan-
tization parameter QP 1s one such choice that 1s made 1n an
encoder. The continuous variable corresponding to QP 1s
gstep. In some embodiments, gstep 1s related to QP by the
CXPression:

gstep=4*2"(QP/6),

where A 1s a fixed constant, where “ denotes exponentia-
tion.

Assume the following: gstep 1s a continuous variable;
R(gstep) 1s monotonically decreasing and its derivative 1s
continuous; and D(gstep) 1s monotonically increasing and 1ts
derivative 1s continuous. It can be shown that both functions
of gstep are concave up. Accordingly, the minimum value of
the cost function J 1s achieved at some intermediate value of
gstep, not at gstep ., or gstep,, ., as shown 1n FIG. 14. FIG.
14 depicts the cost J as a function of gstep, and indicates the
optimum cost J_. 1s achieved at gstep=qgstep,,..,.

It 15 also possible to express distortion as a function of rate
subject to the constraint of minimum cost J. It 1s provable
that the shape of the function D(R) 1s concave up as
suggested 1n FIG. 15. Each point on the graph of D(R)
corresponds to a different value of gstep. Mimimizing J
means the derivative of J 1s zero, and thus

dD/dR=- .

Accordingly, A 1s the negative slope of the curve D(R), as
indicated 1n FI1G. 135, and there 1s a mapping between A and

gstep.
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If expressions for R(gstep) and D{(gstep) are available,
they can be used to compute A from gstep according to the
CXPression:

Mastep)=—(dD/dgstep )/ (dR/dgstep)

The mverse function gstep(A) 1s not likely to be a closed
form expression. However, given a characterization of the
forward function A(gstep), it 1s easy to numerically approxi-
mate the value of the mnverse function A(gstep) at any given
value of gstep.

The rate control system described herein may rely on
these observations. In some embodiments, A 1s the value
controlled by the rate control system, and gstep 1s a depen-
dent variable, according to the above-described inverse
function.

Conceptually, 1t 1s reasonable for rate control to be based
on A because 1t means a consistent balance between rate and
distortion 1s applied to all of the encoder’s decisions, over
the whole picture, and from one picture to the next. If the
complexity of the images 1s variable this approach results 1n
greater allocation of bits to the complex areas, as 1s desired.

The next section describes among other things a method
for QP selection.

Application of the Macroblock Model for Qstep Selection

A value for gstep may be needed to quantize the coetl-
cients that result from the discrete cosine transform (DCT)
computation. A mapping function gstep(lambda) exists, but
1s specific to every coded block and to the coding mode (e.g.,
inter versus intra) of the macroblock.

In some embodiments, the information available after the
transform computation may be used to implement a practical
gstep(lambda) computation (e.g., computationally/economi-
cally feasible). The available information may include the
result of the intra complexity analysis for the macroblock,
the results of the motion analysis for the macroblock, and the
list of transform coethicients. The transform coeflicients may
provide the most useful information. From these values 1t 1s
possible to estimate R(gstep), since quantized coetlicients
are entropy coded via a fixed coding formula. The cost 1n
bits for non-zero coetlicients may be approximately equal or
similar to

1+2*log(|coetll).

Similarly, a reasonable estimate of D(gstep), 1.e., distor-
tion as a function of gstep, may be computed.

In one embodiment, an empirical approach may be used
to find a practical (e.g., computationally or economically
feasible) function to compute gstep based on these available
data.

Thus, in one embodiment, a function may be used to
compute gstep. In some embodiments, gstep may not be
computed until after the DCT computation, so that the
values of the coeflicients may be used 1n the function (to
compute gstep).

In some embodiments, gstep(lambda), 1.e., gstep as a
function of lambda, may be computed separately for each
macroblock. For example, 1n one embodiment an encoder
may be implemented that supports a feature called adaptive
quantization, where QP 1s not constant over the picture.
Ideally, a higher QP 1s used 1n complex regions of the picture
to use fewer bits and because the human visual system 1s
more tolerant of distortion 1n complex areas. A lower QP 1s
used 1n tlat regions of the picture where the eye 1s more
sensitive to distortion, and the bit rate 1s low anyway due to
lack of image detail. The computation of gstep(lambda) may
have this behavior even when lambda 1s held constant over
the entire picture.
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Note that in contrast with the approach described herein,
prior art technmiques for adaptive quantization include com-
plicated approaches that use QP as the independent variable,
where QP 1s determined a priori without the detailed infor-
mation inherently contained 1n the transform coefl

1cients.
Motion Analysis, Picture Type Selection, and Look Ahead
In some embodiments, several components of the rate
control system may be related to motion estimation.
Motion analysis 1s a measure of how well macroblocks
from a current picture can be predicted from a reference
picture. The motion estimation process (or module) deter-
mines the best motion vector for this prediction, and the
motion vector and prediction are used to code the macrob-
lock. The motion estimation process also computes how well
the current macroblock 1s predicted, and this figure of mernt
or metric may thus be a potential predictor of the complexity

of the mter coded macroblock.

The organization of the motion estimation function may
be especially amenable to the integration of these functions.
Motion estimation generally includes a coarse resolution
part and a full resolution part.

In one embodiment, picture type selection, including
scene change detection and rapid motion detection, may be
based on motion analysis information output from a coarse
motion estimation stage. Moreover, in further embodiments,
part of the motion estimation process may be performed on
input pictures far in advance of the current picture to eflect
a look-ahead function for rate control and picture type
selection purposes.

Rate Control Benefit from Coarse Motion Estimation

In some embodiments, the coarse resolution motion esti-
mation may be performed on decimated copies of the current
and reference 1mages. The coarse resolution motion estima-
tion process (or module) may eflectively support a full
search algorithm over a very large search range, resulting 1n
coarse motion vectors and a figure of merit or metric of the
potential predictor. Two aspects of the coarse motion esti-
mation process may be particularly significant: 1t may use
source samples for the reference picture, not reconstructed
samples, and 1t may complete 1ts function (e.g., processing)
over the whole frame before full resolution motion estima-
tion begins.

These two facts mean that coarse motion estimation may
be used to accomplish a look ahead function. The figure of
merit of the prediction may thus be used to forecast the size
of Tuture pictures as needed for the rate control mechanism.
In some embodiments, 1t may also be used for picture type
selection. A large number of poor predictions generally
means the current picture 1s 1n a different scene from the
reference picture, and should be forced to intra (mode). A
moderate number of poor predictions may indicate a scene
of high motion where B pictures should be replaced with P
pictures.

Thus, 1n some embodiments, rate control components
may be integrated with the coarse motion estimation stage,
as shown 1n FIG. 13, described above. In one embodiment,
coarse motion estimation may not depend on reconstructed
image samples, and so 1t can be pipelined and operate on
future pictures. In a further embodiment, picture type selec-
tion may be based on prediction figure of merit computed in
the coarse motion estimation. Moreover, 1n some embodi-
ments, picture size forecast may be based on a prediction
figure of merit computed in the coarse motion estimation. In
turther embodiments, the prediction figure of merit from full
resolution motion estimation may be used as part of the
macroblock model for gstep selection.

10

15

20

25

30

35

40

45

50

55

60

65

38

Bufler Model

As noted above, 1n some embodiments, the rate control
system may 1nclude a model of the decoder’s coded picture
bufler (1.e., the bufler model) to ensure that the encoded
bitstream Wlll not overtlow or underflow the buller on
playback. The buller model may be used by the rate control
mechanism to forecast future occupancy after the current
and future pictures are encoded.

Thus, for example, for each output picture, the model may
predict the mitial arrival time of the first bit of the coded
picture, and the final arrival time of the last bit to the
decoder’s coded picture buller. The rate of transmission may
be specified as the maximum b1t rate, which may be the same
as the target bit rate for constant bit rate (CBR) encoding and
may be larger for variable bit rate (VBR) encoding.

FIGS. 16A and 16B respectively illustrate a buller model
update process 1n the 1deal case, and 1n a case where the
actual picture size 1s not immediately available.

In some embodiments, the operation of the buller model
may require updating of its internal state with the size of
every coded picture before the rate control mechanism can
be applied to the next picture. This feature 1s depicted in
FIG. 16 A, in which, for each picture 1n a video sequence, the
actual size of the previous picture 1s recerved at 1605, and
the bufler model state updated at 1610. However, note that
the exact picture size may be computed 1n the entropy
coding stage of the encoder (e.g. CABAC), and the size of
the of the previous picture may not be immediately available
due to the pipelined implementation of the encoder.

To resolve the data dependency timing problem, a provi-
sional value for coded picture size may be used based on
values of the quantized coeflicients for every macroblock,
along with a predicted bit cost of the motion vector and
coding mode information. An adjustment factor may then be
applied to account for the additional reduction eflfect of the
entropy coding stage and this adjustment factor. One
embodiment of the modified process 1s shown 1n FIG. 16B,
in which, for each picture in the video sequence a provi-
sional size of the previous picture 1s received at 1620, and
the bufler model state updated accordingly at 1623, after
which the actual size of one or more earlier pictures may be
received at 1630. In response, correction(s) to the bufler
model state may be made at 1635.

The bufler model computes the occupancy information
needed for the rate control mechanism based on the provi-
sional picture size value. When the exact picture size value
1s available at a later time, the bufl

er model 1s further
adjusted for the difference between the provisional and
actual picture size.
In some embodiments, the accuracy requirement for the
bufler model may be extreme. For example, 1t may be
required to ultimately account for every single output bit and
accumulate zero error over an indefinitely long encoding
period. The above described method of correcting an 1nitial
estimate, e.g., ol picture size, with exact information
obtained later may be suilicient to satisty this requirement.

In another embodiment, the bufler state may include a
state variable with the sum of all output bits 1n a bitstream.
Long encoding sessions, such as for live events, may be
supported, and so the sum may exceed the maximum value
that can be stored 1n the relevant data type, e.g., 1n a 32 bit
integer. The buller model may accordingly include a mecha-
nism to remnitialize the sum value on the fly, without a loss
ol accuracy, to keep the value within range, e.g., within the
range of a 32 bit integer.

Thus, 1n some embodiments, a decoder bufler model may
be updated for each picture using an initial estimate of a
coded picture size, then further updated at a later time when
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the exact coded picture size 1s available. Moreover, in
turther embodiments, a mechanism may be provided to
reimitialize the output bit sum value on the fly, without a loss
ol accuracy, to keep the value within range, e.g., within the
range of a 32 bit integer.

Rate Control Mechanism

In some embodiments, the number of bits per picture in
the output bitstream may be a consequence of the value of
lambda which 1s chosen before most coding decisions are
made for the picture. The lambda value may thus be adjusted
during encoding because of the dynamic nature of a video
sequence, with i1mage complexity that varies within an
image, between pictures, and from scene to scene.

In one embodiment, the inputs to the adjustment process
may include:

1. The value of lambda before adjustment, and the history
of lambda values.

2. Current decoder bu
bufler model.

3. Picture level intra complexity and motion analysis
information, for the current and future pictures within the
look ahead window.

4. Picture type selection.

5. Historical information on the coded size of pictures
according to picture type.

These mputs may be used 1n a second order discrete-time
teedback control system, resulting 1n an adjusted lambda
value, along with a forecast of buller occupancy that guar-
antees no overtlow or undertlow. Part of the control com-
putation may 1nclude predicting future picture sizes based on
these inputs. Note that the actual QP value may not be
computed by this picture-level rate control mechanism in the
adaptive quantization scenario described above.

The primary goal of the feedback control system may be
to make the minmimal adjustment to lambda needed to
maintain bufler compliance, resulting in the most (or
approximately optimal) consistent experience ol perceptual
quality for a given target bit rate. Thus, in some embodi-
ments, various implementations and computations may be
used to adjust lambda i1n accordance with mput data, as
described above.

More generally, 1n some embodiments, an i1nput video
stream may be received. A Lagrangian multiplier, lambda,
may be computed for each of a plurality of pictures of the
input video stream. The bit rate for an output video stream
may be dynamically controlled based on the mput video
stream and lambda for each of the plurality of pictures. In
one embodiment, one value for lambda may be used for all
of the encoding decisions 1n each picture, then adjusted as
required for rate control between pictures.

Network Edge Transcoder

The network edge transcoder concept 1s a version of an
encoder with a reduced computation footprint. Its goal 1s to
produce high quality compressed video output 1n real time
with minimum power consumption and higher channel
density than a stand-alone encoder. It generally accom-
plishes this by using a compressed video elementary stream
as 1ts mput, already in the same resolution and frame rate as,
but higher bit rate than, the target output. In some embodi-
ments, this may allow the network edge transcoder to omit
the coarse motion estimation stage.

FIG. 17 1llustrates an exemplary network edge transcoder
(portion, e.g., the first hall) in which the intra complexity
analysis and motion analysis within coarse motion estima-
tion are replaced by input bitstream analysis which data
mines the decisions and results made by the previous
encoding of the mput bit stream. Note that the second half
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of the network edge transcode may be the same as a
conventional compressed video encoder, as shown 1n FIG.
12, and thus 1s not presented again for brevity.

As FIG. 17 shows, an input bitstream decode process (or
module) 1710 may receive an mput bitstream as input, and
may provide output to bufler A (current picture luma and
chroma samples). As also shown, an input bitstream analysis
process (or module) 1715 may also receirve the mput bit-
stream as 1put and provide output to butler I (coarse motion
vectors), to buller J (intra complexity analysis results) and
bufler K (motion analysis results). The picture type selection
process (or module) may receive mput from buller J (intra
complexity analysis results) and bufler K (motion analysis
results), and may provide output (picture type) to the motion
estimation refinement process (or module). The rate control
mechanism may also receive mput from bufler J (intra
complexity analysis results) and bufler K (motion analysis
results), as well as from the bufler model, and may provide
output (lambda) to the motion estimation refinement process
(or module) and the transform stage (e.g., of FIG. 19), as
shown. Finally, the motion estimation refinement process
may recerve inputs from bufler A (current picture luma and
chroma samples), from bufller I (coarse motion vectors),
from bufler D (reconstructed samples to motion estimation
refinement), from the picture type selection process (picture
type), and from the rate control mechamism (lambda), and
may provide output to butler B (motion vectors and predic-
tion samples), and bufler C (intra complexity and motion
analysis per macroblock).

Note that in some embodiments, the network edge
transcoder may implement the same (or similar) transform
coding and rate control system as a stand-alone encoder, but
may use the information from quantized coeflicients con-
tained 1n the 1mput bit stream to obtain the motion analysis
and intra complexity analysis needed for rate control. This
may result in a more accurate assessment of rate and
distortion for the value of QP used than can be obtained from
a standalone encoder using the coarse motion estimation
stage for the analysis. In some embodiments, this informa-
tion may be used with additional intra complexity analysis
and the list of coellicients to requantize each recoded mac-
roblock according to the current value of lambda. The efiect
and output quality may be the same as (or similar to) a two
pass encoder even though the computation footprint of the
final real-time encoding step may be less than a stand-alone
encoder.

Thus, 1n some embodiments, rate control components
according to the techmiques disclosed herein may be inte-
grated into the network edge transcoder concept, as shown
in FIG. 17.

More specifically, 1n some embodiments, on a network
edge transcoder configuration, rate control may obtain high
quality motion analysis and intra complexity analysis met-
rics from the quantized coellicients and other coding mode
information contained in the input bitstream.

Split Encoder Configuration

In a turther embodiment, the rate control algorithms or
techniques described herein may also be applied 1n a split
encoder configuration. In a split encoder configuration,
much of the processing and analysis for encoding and rate
control may be performed 1n a first part of the encoder. The
results of the first part, including but not limited to, motion
analysis, coarse motion vectors, and/or intra complexity
analysis, may then be stored in an intermediate stream of
analytical data about the content. The intermediate stream of
data may 1nclude a compliant compressed video elementary
stream plus additional analytical data, or may be a non-
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standard data format containing all the information needed
to complete the encoding of the video content. A second part
of the encoder may then use the intermediate stream as 1mput
and complete the encoding process.

Similar to the network edge transcoder, a primary goal of
the split encoder configuration may be to have the minimum
possible computation, physical size, and power footprint for
the second part of the encoding process. The second part
may accordingly be optimized for use as a network edge
device and may be deployed with greater channel density
than an entire compressed video encoder. The second part of
the encoder may also include stream specific processing
such as a stream-specific bit rate or branding so that indi-
vidual output streams may be personalized to one or more
specific receivers.

In one embodiment, the above encoder partitioning may
allow the first part of the encoding process to be performed
once and the results stored. Subsequently, the second part of
the encoding process may be performed many times as
needed for many receivers, all using different encoding
parameters or stream personalization. Any processing that 1s
specific to an 1ndividual output stream or receiver may be
limited to the second part of the encoding process.

Thus, 1n some embodiments, a split configuration for an
encoder may be used with the goal of minimizing the
computation, physical size, and/or power footprint for the
second part of the encoder so that 1t 1s optimized for use as
a network edge device. In various embodiments, the parti-
tioming of the encoder between the first part and the second
part may be made in any of a variety of ways. In other words,
the relevant components, processes, or modules, may be
distributed between the two partitions i any manner
desired. Moreover, 1n one embodiment, the result of the first
part of the encoding process may be stored 1n an nterme-
diate stream format containing all the information needed by
the second part to complete the encoding process 1 a
subsequent operation. Additionally, 1n some embodiments,
the encoder may be partitioned into two parts, where any
processing that 1s specific to an individual output bitstream
or receiver 1s performed in the second part.

The techniques and systems described in this specification
may be employed in any of various types ol products or
applications, including cell phones, cordless phones, televi-
sion, f1lm presentation, computers, cable modems, cable
set-top boxes, and others, as desired. Moreover, the tech-
niques disclosed herein may be implemented via software
and/or hardware as desired.

Although the embodiments above have been described 1n
considerable detail, numerous variations and modifications
will become apparent to those skilled in the art once the
above disclosure 1s fully appreciated. It should also be
emphasized that the above-described embodiments are only
non-limiting examples of implementations. It 1s 1tended
that the following claims be interpreted to embrace all such
variations and modifications.

What 1s claimed 1s:

1. A system comprising;:

a memory that stores a collection of video content 1tems,
wherein each of the video content i1tems includes an
encoded video stream and metadata that characterizes
properties of a given source video stream correspond-
ing to the encoded video stream;

a plurality of video transcoder devices; and

a controller, wherein, 1n response to each of a plurality of
content requests for a given one of the video content
items from a respective plurality of user devices, the
controller 1s configured to assign an available one of the
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plurality of wvideo transcoder devices to serve the
respective user device, wherein the user devices have
respectively different configurations of video process-
ing capability (VPC), wherein each assigned video
transcoder device 1s configured to:
receive the encoded video stream and metadata of the
given video content item, wherein the metadata
indicates:
rate estimation information for a plurality of encod-
ing modes for a plurality of blocks of the encoded
video stream, wherein the rate estimation infor-
mation specifies an estimated number of bits gen-
crated by encoding ones of the blocks using ones
of multiple different quantization step sizes and
ones of the encoding modes; and
distortion estimation information that specifies mul-
tiple points on a distortion curve, wherein the
points are generated based on discrete cosine
transforms of ones of the plura. 1ty of blocks and
processing of un-quantized coellicient outputs of
the transtorm, wherein ones of the points indicate
estimated distortion at a particular quantization
step s1ze;
compute aggregate rate estimation information and
aggregate distortion estimation information by sum-
ming over the rate estimation information and dis-
tortion estimation, respectively, corresponding to
different ones of the plurality of blocks;
select an encoding mode and quantization size for a
transcodmg of the encoded video stream based at
least 1n part on the aggregate rate estimation infor-

mation and the aggregate distortion estimation ini

Or-
mation and according to the VPC configuration of
the respective user device;

transcode the encoded video stream using the selected
encoding mode and quantization size, 1 order to
obtain a respective target encoded video stream; and

transmit the respective target encoded video stream to
the respective user device through a communication
medium.

2. The system of claim 1, wherein the rate estimation
information includes one or more rate information streams
that each characterize a corresponding rate estimation func-
tion R, (q) per block of the corresponding encoded video
stream, assuming block prediction based on the respective
encoding mode, wherein g 1s a quantization step size.

3. The system of claim 1, wherein the metadata includes
one or more candidate motion vectors per block of the
encoded video stream of the given content item.

4. The system of claim 1, wherein the communication
medium 1s a wireless transmission medium.

5. The system of claim 4, wheremn at least one of the
plurality of video transcoder devices 1s coupled to or 1ncor-
porated as part of a base station of a wireless communication
network, wherein one or more of the user devices are
configured for wireless communication with the base sta-
tion.

6. The system of claim 1, wherein the controller 1s
configured to assign a first of the plurality of video
transcoder devices to different ones of the user devices at
different times.

7. The system of claim 1, further comprising:

a source encoder configured to encode source video
streams to generate respective ones of the content
items.

8. The system of claim 1, wherein the metadata of each

video content item includes one or more distortion informa-




US 11,483,580 B2

43

tion streams corresponding to one or more respective coding,

modes, wherein each distortion information stream DIS, of

the one or more distortion mformation streams characterizes
a corresponding distortion function D,(q) per block of the
encoded video stream of the video content item, assuming
block prediction based on the respective coding mode,
wherein g 1s a quantization step size.

9. The system of claim 1, wherein a first video transcoder
device of the plurality of video transcoder devices 1s con-
figured to perform said transcoding by:

decoding the encoded video stream to obtain a decoded

video stream:;

scaling the decoded wvideo stream to a target picture

resolution of the respective user device, 1in order to
obtain a scaled video stream; and

encoding the scaled video stream using the metadata and

according to the VPC configuration of the respective
user device, 1 order to obtain the respective target
encoded video stream.

10. The system of claim 9, wherein the controller 1s
configured to:

receive reports from the user device being served by the

first video transcoder device, wherein each of the
reports includes analytical information from the user
device; and

in response to each of the reports, update a target bit rate

and/or the target picture resolution used by the first
video transcoder device to encode the scaled video
stream.

11. The system of claim 10, wherein the analytical infor-
mation includes information about quality of a link between
the first video transcoder device and the user device.

12. The system of claim 11, wheremn the controller is
configured to decrease or increase the target bit rate and/or
the target picture resolution used by the first video
transcoder device when the information about link quality
indicates that the link quality has decreased or increased,
respectively.

13. The system of claim 10, wherein the analytical infor-
mation includes information about quality of video recov-
ered from the respective target encoded video stream trans-
mitted by the first video transcoder device.

14. The system of claim 13, wherein the controller 1s
configured to decrease or increase the target bit rate and/or
the target picture resolution used by the first video
transcoder device when the information about video quality
indicates that the video quality has decreased or increased,
respectively.

15. The system of claim 9, wherein the controller is
configured to:

receive reports from the user device being served by the

first video transcoder device, wherein each of the
reports includes a corresponding update to the VPC
configuration of the user device; and

in response to each of the reports, update the target picture

resolution used by the first video transcoder device to
encode the scaled video stream.

16. The system of claim 1, wherein the VPC configuration
ol each user device includes an 1dentification of one or more
of:

a video coding format requested by the user device; and

a target picture resolution requested by the user device.

17. The system of claim 1, wherein the VPC configura-
tions of the respective user devices span an M-dimensional
configuration space, wherein M 1s at least two, wherein the
M-dimensional configuration space has at least a first dimen-
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s10n corresponding to a choice of video format and a second
dimension corresponding to a selection of picture resolution.
18. The system of claam 1, wherein the controller 1s
configured to:
store the target encoded video stream generated by a given
one of the plurality of video transcoder devices that has
been assigned to serve a first of the user devices; and

direct a transmission of the stored target encoded video
stream to a second user device 1n response to detecting,
that the second user device has a same or similar VPC
confliguration as the first user device.

19. A method for delivering video content to user devices,
the method comprising:

storing a collection of video content 1tems 1n a memory,

wherein each of the video content items includes an
encoded video stream and metadata that characterizes
properties of a given source video stream correspond-
ing to the encoded video stream, wherein the metadata
indicates:
rate estimation information for a plurality of encoding
modes for a plurality of blocks of the encoded video
stream, wherein the rate estimation information
specifles an estimated number of bits generated by
encoding using ones of multiple different quantiza-
tion step sizes and ones of the encoding modes; and
distortion estimation information that specifies multiple
points on a distortion curve, wherein the points are
generated based on discrete cosine transforms of
ones of the plurality of blocks and processing of
un-quantized coeflicient outputs of the transform,
wherein ones of the points indicate estimated distor-
tion at a particular quantization step size;

in response to each of a plurality of content requests for

a given one of the video content items from a respective
plurality of remote user devices, assigning an available
one of a plurality of video transcoder devices to serve
the respective user device, wherein the user devices
have respectively different configurations of video pro-
cessing capability (VPC); and

utilizing each assigned video transcoder device to:

receive the encoded video stream and metadata of the
given video content item;

compute aggregate rate estimation information and
aggregate distortion estimation information by sum-
ming over the rate estimation information and dis-
tortion estimation, respectively, corresponding to
different ones of the plurality of blocks;

select an encoding mode and quantization size for a
transcodlng of the encoded video stream based at
least 1n part on the aggregate rate estimation infor-
mation and the aggregate distortion estimation infor-
mation and according to the VPC configuration of
the respective user device;

transcode the encoded video stream using the selected
encoding mode and quantization size in order to
obtain a respective target encoded video stream; and

transmit the respective target encoded video stream to
the respective user device through a communication
medium.

20. The method of claim 19, wherein the rate estimation
information includes one or more rate mnformation streams
that each characterize a corresponding rate estimation func-
tion R, (q) per block of the corresponding encoded video
stream, assuming block prediction based on the respective
encoding mode, wherein g 1s a quantization step size.
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21. The method of claim 20, wherein the metadata
includes one or more candidate motion vectors per block of
the encoded video stream of the given video content 1tem.

22. The method of claim 19, wherein the metadata of each
video content item includes one or more distortion informa-
tion streams corresponding to one or more respective coding,
modes, wherein each distortion information stream DIS, of
the one or more distortion mformation streams characterizes
a corresponding distortion function D,(q) per block of the
encoded video stream of the given video content item,
assuming block prediction based on the respective coding
mode, wherein g 1s a quantization step size.

23. The method of claim 19, further comprising:

encoding source video streams to generate respective ones

of the content 1tems.

24. The method of claim 19, further comprising:

receiving reports from the user device being served by a

first of the plurality of video transcoder devices,
wherein each of the reports includes analytical 1nfor-
mation from the user device; and

in response to each of the reports, update a target bit rate

and/or a target picture resolution used by the first video
transcoder device to perform said transcoding of the
encoded video stream.

25. The method of claim 24, wherein the analytical
information includes information about quality of a link
between the first video transcoder device and the user
device.

26. The method of claim 25, further comprising:

decreasing or increasing the target bit rate and/or the

target picture resolution used by the first video
transcoder device when the information about link
quality indicates that the link quality has decreased or
increased, respectively.

27. The method of claim 24, wherein the analytical
information includes information about the quality of video
recovered from the respective target encoded video stream
transmitted by the first video transcoder device.

28. The method of claim 27, further comprising:

decreasing or increasing the target bit rate and/or the

target picture resolution used by the first video
transcoder device when the mformation about video
quality indicates that the video quality has decreased or
increased, respectively.

29. The method of claim 19, further comprising:

receiving reports from the user device being served by the

first video transcoder device, wherein each of the
reports includes a corresponding update to the VP
configuration of the user device; and

in response to each of the reports, updating the target

picture resolution used by the first video transcoder
device to encode the video stream.

30. The method of claim 19, wherein the VPC configu-
ration of each user device includes an identification of a
video coding format requested by the user device, wherein
said transcoding of the encoded video stream 1s performed
so that the respective target encoded video stream conforms
to the requested video coding format.

31. The method of claim 19, wherein the VPC configu-
ration of each user device includes an identification of a
target picture resolution requested by the user device,
wherein said transcoding of the encoded video stream 1s
performed so that the respective target encoded video stream
has the requested target picture resolution.

32. The method of claim 19, wherein the VPC configu-
ration of each user device includes an identification of a
target bit rate requested by the user device, wherein said
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transcoding of the encoded video stream 1s performed so that
the respective target encoded video stream has an average
output bit rate approximately equal to the requested target bat
rate.

33. The method of claim 19, further comprising;

storing the target encoded video stream generated by a

given one of the plurality of video transcoder devices
that has been assigned to serve a first of the user
devices; and

directing a transmission of the stored target encoded video

stream to a second user device 1n response to detecting,
that the second user device has a same or similar VPC
configuration as the first user device.

34. A video encoder comprising:

digital circuitry configured to perform, for each of a

plurality of blocks of the input video stream, operations
including:
transforming a plurality of prediction residuals that
correspond respectively to a plurality of coding
modes 1n order to obtain a plurality of respective
transform blocks for the plurality of respective
encoding modes;
for each coding mode M,, processing the respective
prediction residual and/or the respective transform
block for the coding mode M, to obtain rate model-
ing data and distortion modeling data for the coding
mode M,, wherein the distortion modeling data
specifies multiple points on a distortion curve,
wherein the points are generated based on discrete
cosine transforms of ones of the plurality of blocks
and processing of un-quantized coethicient outputs of
the transform, wherein ones of the points indicate
estimated distortion at a particular quantization step
S1Z€,
wherein the digital circuitry 1s further configured to
generate an encoded video stream that represents an
encoded version of the mput video stream;
transmission circuitry configured to transmit metadata
and the encoded video stream onto a communication
medium, wherein the metadata characterizes properties
of a corresponding given source video stream and
includes the rate modeling data for each coding mode
and for each block that specifies an estimated number
of bits generated by encoding using one or more
quantization step sizes and wherein the metadata fur-
ther includes the distortion modeling data.

35. The wvideo encoder of claim 34, wherein the rate
modeling data includes data characterizing a rate estimation
function R,(q) for at least one of the one or more coding
modes, wherein q represents quantization step size.

36. The video encoder of claim 34, wherein the operations
also include:

for each coding mode M,, generating one or more recon-

struction residuals based respectively on one or more
quantized versions of the transform block for that
coding mode, and generating distortion modeling data
for the coding mode based on the one or more recon-
struction residuals, wherein the metadata also includes
the distortion modeling data for each coding mode and
cach block.

37. The video encoder of claim 36, wherein the distortion
modeling data includes data characterizing a distortion esti-
mation function D,(q) for at least one of the one or more
coding modes, wherein g represents quantization step size.

38. The video encoder of claim 34, wherein generating the
encoded video stream includes operating on at least one of
the one or more transform blocks.
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39. A video encoder comprising:

digital circuitry configured to encode an imput video
stream to obtain an encoded video stream, wherein said
encoding includes generating metadata that character-
1zes properties of the mput video stream, wherein the
metadata 1indicates:
rate estimation mnformation for a plurality of encoding

modes for a plurality of blocks of the encoded video
stream, wherein the rate estimation information
specifies an estimated number of bits generated by
encoding using ones of multiple different quantiza-
tion step sizes and ones of the encoding modes; and
distortion estimation information that specifies multiple
points on a distortion curve, wherein the points are
generated based on discrete cosine transforms of
ones of the plurality of blocks and processing of
un-quantized coeflicient outputs of the transform,
wherein ones of the points indicate estimated distor-
tion at a particular quantization step size;
transmission circuitry configured to transmit the encoded
video stream and the metadata.

40. The video encoder of claim 39, wherein the metadata

includes a stream of candidate motion vectors.
41. A video transcoding system comprising:
a decoder configured to receive and decode a first encoded
video stream to obtain a decoded video stream;
a scaling processing element configured to scale the
decoded video stream to a target picture resolution 1n
order to obtain a scaled video stream;
an output encoder configured to receive metadata that
characterizes properties of a source video stream cor-
responding to the first encoded video stream, wherein
the metadata indicates:
rate estimation information for a plurality of encoding
modes for a plurality of blocks of the encoded video
stream, wherein the rate estimation information
specifies an estimated number of bits generated by
encoding ones of the blocks using ones of multiple
different quantization step sizes and ones of the
encoding modes; and

distortion estimation information that specifies multiple
points on a distortion curve, wherein the points are
generated based on discrete cosine transforms of
ones of the plurality of blocks and processing of
un-quantized coeflicient outputs of the transform,
wherein ones of the points indicate estimated distor-
tion at a particular quantization step size;
wherein the output encoder 1s further configured to:
compute aggregate rate estimation information and
aggregate distortion estimation information by sum-
ming over the rate estimation information and dis-
tortion estimation, respectively, corresponding to
different ones of the plurality of blocks;

select an encoding mode and quantization size for a
transcoding of the encoded video stream based at

il

least 1n part on the aggregate rate estimation infor-
mation and the aggregate distortion estimation infor-
mation and according to the VPC configuration of
the respective user device; and
encode the scaled video stream using the selected
encoding mode 1n order to obtain a second encoded
video stream.
42. The video transcoding system of claim 41, wherein the
first encoded video stream 1s an encoded version of a source
video stream.
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43. The video transcoding system of claim 41, wherein the
target picture resolution 1s lower than a picture resolution
implicit in the first encoded video stream.

44. The video transcoding system of claim 41, wherein the
metadata includes N rate information streams corresponding,
to N respective coding modes, wherein N 1s greater than or
equal to one, wherein each rate information stream RIS, of
the N rate information streams characterizes a corresponding,
rate estimation function R, (q) per block of the first encoded
video stream assuming block prediction based on the respec-
tive coding mode, wherein g 1s a quantization step size.

45. The video transcoding system of claim 44, wherein
N=2 for a given coded picture of the first encoded video
stream, wherein the rate information stream RIS, corre-
sponds to an 1intra coding mode, wherein the rate information
stream RIS, corresponds to an inter coding mode.

46. The video transcoding system of claim 44, wherein
cach rate mformation stream RIS, characterizes the rate
estimation function R, (q) for each block with a correspond-
ing set of one or more fitting parameters associated with a
continuous functional model.

4'7. The video transcoding system of claim 41, wherein the
metadata mcludes N distortion imnformation streams corre-
sponding to N respective coding modes, wherein N 1s greater
than or equal to one, wherein each distortion information
stream DIS; of the N distortion information streams char-
acterizes a corresponding distortion estimation function
D.(q) per block of the first encoded video stream assuming
block prediction based on the respective coding mode,
wherein g 1s a quantization step size.

48. The video transcoding system of claim 47, wherein
N=2 for a given coded picture of the first encoded video
stream, wherein the distortion information stream DIS,
corresponds to an 1ntra coding mode, wherein the distortion
information stream DIS, corresponds to an inter coding
mode.

49. The video transcoding system of claim 47, wherein
cach distortion information stream DIS,; characterizes the
distortion estimation function D,(q) for each block with a
corresponding set of one or more fitting parameters associ-
ated with a continuous functional model.

50. The video encoder of claim 41, wherein the output
encoder 1s configured to process the metadata 1n order to
obtain an aggregate rate estimation function RA(q) for each
frame of the scaled video stream, wherein g represents
quantization step size.

51. The video encoder of claim 350, wherein the output
encoder 1s configured to further process the metadata 1n
order to obtain an aggregate distortion estimation function
DA(q) for each frame of the scaled video stream.

52. The video transcoding system of claim 41, wherein the
metadata includes one or more candidate motion vectors for
each block of the first encoded video stream, wherein the
output encoder 1s configured to perform a fine-resolution
motion vector refinement for each block that 1s restricted to
one or more neighborhoods 1n motion vector space based on
the one or more candidate motion vectors.

53. The video transcoding system of claim 41, wherein
said decoder 1s configured to recover a motion vector for
cach block from the first encoded video stream as part of
said decoding the first encoded video stream, wherein the
output encoder 1s configured to perform a motion vector
refinement for each block that 1s restricted to a neighborhood
in motion vector space based on the motion vector for the
block.

54. The video transcoding system of claim 41, wherein the
metadata mncludes one or more candidate motion vectors per
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block, wherein said encoding the scaled wvideo stream
includes selecting a motion vector from a set of vectors
including the one or more candidate motion vectors.

55. The video transcoding system of claim 54, wherein the
set of vectors also 1include a decoded motion vector recov-
ered from the first encoded video stream.

56. The video transcoding system of claim 41, further
comprising;

transmission circuitry configured to transmit the second

encoded video stream to a remote decoder through a
communication medium.

57. The video transcoding system of claim 41, wherein the
output encoder 1s configured to receive auxiliary information
and inject the auxiliary mformation into the scaled video
stream, wherein the auxiliary information includes one or
more of:

branding information of a business entity;

advertising information;

digital rights management (DRM) imnformation;

digital information providing watermark functionality;

customized features requested by a content provider,

content delivery service provider, customer or user.

58. The video transcoding system of claim 41, wherein at
least one of the decoder, the scaling processing element, and
the output encoder 1s implemented using soitware config-
ured for execution on an array of parallel processors.

59. The video transcoding system of claim 41, wherein the
decoder, the scaling processing element, and the output
encoder are implemented on distinct subsets of processors 1n
an array of parallel processors.
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